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ABSTRACT
Anthropogenic input of carbon dioxide (CO2) has an increasingly acidifying effect on the
world’s oceans with the potential to impact biogeochemical cycles and food web dynamics.
Coastal Louisiana is an area highly vulnerable to changing climate, but the unique local water
chemistry created by input from the Mississippi and Atchafalaya Rivers makes the manifestation
of elevated CO2 and its biological implications difficult to predict. Louisiana estuaries are highly
productive and support a large commercial market for the eastern oyster, Crassostrea virginica.
This study explores the use of experimental microcosms to expose natural phytoplankton
assemblages and larval oysters to elevated pCO2. Spring and fall phytoplankton were collected
from two biogeochemically distinct Louisiana estuaries and cultured in lab for 16 weeks while
bubbling with CO2 enriched air corresponding to current (400 ppm) and future (1000 ppm) pCO2
levels. Spring phytoplankton assemblages increased in diatoms over the first 8 weeks, but after
14 weeks of incubation transitioned to cyanobacterial dominance regardless of pCO2 level, likely
due to a nutrient imbalance. Fall phytoplankton assemblages also increased in diatoms over the
first 8 weeks, but after 14 weeks returned to their original community structure, showing
evidence of adaptation to elevated pCO2 exposure. Over the course of a 6-day pilot study,
resilience was also observed during early larval oyster development, as D-stage C. virginica
survived and grew at the same rate in control and elevated pCO2 cultures. In Louisiana, spring
and fall phytoplankton blooms in conjunction with water temperature are critical in dictating the
timing of oyster spawning. When low pH is compounded with seasonal salinity, temperature, and
nutrient variations, it has the potential to influence the phytoplankton community during a
critical oyster spawning time, creating a mismatch. Coastal acidification could affect the success
of larval oysters by changing the availability and quality of its food source, phytoplankton.
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CHAPTER 1
IMPACTS OF COASTAL ACIDIFICATION ON LOUISIANA PLANKTON:
A LITERATURE REVIEW

INTRODUCTION
Climate change is a complex issue with global implications, compounding the need for
study. For marine environments, changing conditions include not only rising sea surface
temperatures, but also variation in nutrient influx, increasing stratification, large-scale shifts in
ocean circulation, and ocean acidification. Louisiana is at high risk to sea level rise and increased
storm activity, but acidification may be moderated by the unique buffering capacity of estuarine
waters in the Mississippi-Atchafalaya deltaic systems (Wang et al., 2013). The interaction of
changing climate and river influence is a central unknown, particularly in its implications for
biological response. Phytoplankton form the base of estuarine food webs and play an important
role in CO2 sequestration (Riebesell et al., 2007), so predicting changes to biomass and
taxonomic structure are a priority. This may be difficult, as in a diverse assemblage of species,
responses to ocean acidification can vary within taxa and even within genus (King et al., 2015).
One critical role phytoplankton play in Louisiana is as the food source for the commercially
valuable eastern oyster Crassostrea virginica, a species which in other areas has been shown to
experienced decreased growth and survivorship under acidified conditions (Miller et al., 2009).
There has been some evidence that oyster larvae from pH-fluctuating areas could be more
resilient (Parker et al., 2011), or that adverse effects of ocean acidification on could be mitigated
by good nutrition (Hettinger et al., 2013). This study explores the impacts of coastal acidification
in Louisiana through elevated CO2 exposure to natural phytoplankton assemblages and larval
oysters.
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OCEAN ACIDIFICATION
Since the industrial revolution, the anthropogenic burning of fossil fuels has increased
atmospheric concentrations of greenhouse gas carbon dioxide (CO2) by nearly 40% (Doney,
2010). Approximately one third of this CO2 diffuses across the air/sea interface and enters the
ocean (Sabine et al., 2004). The increase in the partial pressure of carbon dioxide (pCO2) is
interlinked with each of the other co-varying parameters of the oceanic carbonate system: pH,
total alkalinity (TA), and total dissolved inorganic carbon (DIC). When CO2 enters water, it
forms carbonic acid, H2CO3 (equation 1). The subsequent chemical reactions release hydrogen
ions (equation 2, equation 3), making the water more acidic in a phenomenon known as ocean
acidification, though the process is equally applicable to coastal environments.
CO2 + H2O  H2CO3

(1)

H2CO3  H+ + HCO3-

(2)

HCO3-  H+ + CO32-

(3)

In the next century, the pH of the oceans could decrease by up to 0.6 units (Caldeira &
Wickett, 2003). Because the pH scale is logarithmic, this would make the water over 200% more
acidic. Caldeira and Wickett (2003) use the terms “low pH” and “elevated pCO2”
interchangeably to describe a more highly acidified environment. Current atmospheric pCO2 is
approximately [400] ppm, but by the end of the next century, Representative Concentration
Pathways (RCP) 8.5 emissions scenario predicts pCO2 may rise to [936] ppm. Consequently,
average pelagic pH may drop from 8.0 to 7.6 (Meinshausen et al., 2011).
Acidification has been well studied in the open-ocean (Feely et al., 2004; Orr et al., 2005;
Riebesell & Tortell, 2011), but less work has been done in near-shore systems because they are
more complex. pH depression as a direct result of anthropogenic CO2 emissions is more difficult
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to identify in coastal and estuarine systems (Duarte et al., 2013), because pH varies habitually as
a function of salinity, alkalinity, nutrient input, production, respiration, calcification, and
degradation of organic matter. Estuaries experience seasonal and diurnal pH fluctuations of 0.5
units, naturally dropping below 7 in certain conditions (Ringwood & Keppler, 2002).

PHYTOPLANKTON RESPONSE TO ACIDIFICATION
Phytoplankton play an important role supplying energy to higher trophic levels and
sequestering carbon to the deep ocean, but algal growth rates can be limited by carbon (Riebesell
et al., 1993). There is the general assumption that primary productivity will increase with
acidification due to more available CO2 and HCO3- for active uptake. In response to the gradual
decrease of CO2 during the course of their evolutionary history, phytoplankton developed carbon
concentrating mechanisms (CCMs) to increase CO2 concentration at the site of fixation by
RubisCO (Hopkinson et al., 2011) and into the cell itself. DIC consumption has been shown to
increase as pCO2 rises (Riebesell et al., 2007), possibly resulting from the lower energetic cost of
carbon acquisition for phytoplankton.
On the other hand, the degree to which phytoplankton would be stimulated by higher
pCO2 is unclear, and the response is likely to be species-specific. Efficient regulation of the
CCM could play a key role in determining survivorship and competitive advantage in a high CO2
world (Wu et al., 2015), also affecting the structure of phytoplankton communities during
succession. Taxa vary in requirements and manner of acquisition of elements like carbon,
nitrogen, and phosphorous, so changes in phytoplankton communities will change taxon-specific
nutrient cycling (Tagliabue et al., 2011). Species-level changes within a community could have
corresponding impact on their unique roles in energy flow and element cycling.
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To predict the impacts of elevated pCO2 on the global environment, climate models
integrate the interactions between the atmosphere, oceans, land, and light (heat), and including
primary production is crucial. A key downfall of current climate prediction models is that they
amalgamate phytoplankton response by assigning a plankton functional type (PFT) to a major
taxonomic group and assuming the response is representative of the entire trophic level
(Blackford, 2010). However, species within the same PFT (diatoms, chlorophytes,
dinoflagellates, haptophytes) have different pH tolerance ranges, or conditions for optimum
growth (Hinga, 2002) (Figure 1.1). The response of any given species to decreasing pH will be
dependent on their individual physiology.

Figure 1.1. pH for maximum growth across taxa. Modified from Hinga (2002).
4

A meta-analysis by Rost et al. (2008) reports contradictory results within the major PFTs:
silicifiers (diatoms), calcifiers (coccolithophores), and diazotrops (cyanobacteria). In response to
elevated pCO2, Wu et al. (2010) demonstrated enhanced growth and carbon fixation in marine
diatom Phaeodactylum tricornutum, while Yang and Gao (2012) showed insignificant effects on
growth for another diatom species Thalassiosira pseudonana. Many studies have shown
acidification reduced calcification by coccolithiphore Emiliania huxleyi and Gephyrocapsa
oceanica (Rost et al., 2008), but Langer et al. (2006) demonstrated nonlinear response in
Calcidiscus leptoporus and no change in Coccolithus elagicus. In terms of the marine
cyanobacteria, increased pCO2 stimulated growth and photosynthesis in Synechococcus but
caused no change in Prochlorococcus (Fu et al., 2007).
Studies on monocultures of phytoplankton provide only weak clues to the adaptive
response of a natural phytoplankton community. Complex rules govern community structure;
diversity within the assemblage can be defined by competition for nutrient resources, and
competitive dominance is known to fluctuate with nutrient limitation (Tilman, 1977).
Competition within and across groups is also likely to be affected by elevated pCO2 (Dutkiewicz
et al., 2015). Changes in the environment, such as ocean acidification, have the potential to be a
selective force that irreversibly alters species composition and decreases community diversity
(Vellend, 2010). In fact, diversity is so important that its loss could be considered as detrimental
as ocean acidification itself (Hooper et al., 2012). Initial responses also may not be definitive;
even though coccolithophores are initially put at a disadvantage by acidification, long-term
experiments show increasing growth over time as evidence of adaptive evolution (Lohbeck et al.,
2012). Essentially, it is unclear how the nature of interspecific competition will change in a high
pCO2 environment, what the subsequent changes in taxonomic composition and diversity will be,
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and how adaptation will play a role over time. These factors combined will affect primary
production, carbon cycling, and bottom-up trophic controls.
Investigations of community response to ocean acidification have been limited, yet have
the highest potential for global scale application. Some offer evidence that increased CO2 could
significantly alter physiology and community structure (Eggers et al., 2014; Tortell et al., 2002;
Tortell et al., 2008). Tortell et al. (2002, 2008) observed a shift from dinoflagellates to larger
diatoms, and overall increase in productivity. Results from Eggers et al. (2014) also indicated
taxonomic progression towards dominance of large diatoms. However, Kim et al. (2006) saw an
increase in only a singular diatom species Skeletonema costatum, and Nielsen et al. (2010, 2011)
found no difference between succession in treated versus untreated communities. This could be
due to the origin of the initial community, and highlights the need for site specific studies. Those
from areas naturally experiencing large pH ranges could be more resilient.
Each of these community studies lasted 10-14 days, relying on fast turnover to supply a
quick, sufficient representation of succession. To date, no long-term community level
experiments have ever been conducted assessing phytoplankton response to ocean acidification.
In highly variable river-dominated estuaries, site-specific studies on the effects of elevated pCO2
on phytoplankton community structure are even more critical.

CALCIFYING ORGANISMS IN AN ACIDIFIED WORLD
Calcifying organisms like oysters are particularly vulnerable to ocean acidification during
their larval phase. When H2CO3 interacts with calcium carbonate (CaCO3), it results in the
dissolution of the compound into calcium (Ca2+) and bicarbonate (HCO3-) (equation 4). Unlike
carbonate, bicarbonate cannot be used for building shells.
H2CO3 + CaCO3  Ca2+ + 2HCO36

(4)

Directly resulting from increased pCO2 in ocean water is the reduction in carbonate
concentration (CO32-) and subsequent decrease in carbonate saturation state (Ω) (equation 5,
where K*sp is the solubility constant).
Ω = [Ca2+] [CO32-] / K*sp

(5)

Ω is a proxy for the facility with which an organism can utilize calcium carbonate in
skeleton/shell formation (Miller et al., 2009). Thus, calcification rates will decrease, and as a
result calcifying organisms will be unable to maintain CaCO3 shells or skeletons in an ocean
undersaturated with respect to aragonite or calcite, the two biogenic polymorphs. Research has
shown that calcification rates will decrease for tropical scleractinian corals (Hoegh-Guldberg et
al., 2007), calcifying phytoplankton like foraminifera and coccolithophores (Riebesell et al.,
2000), and shelled molluscs (Gazeau et al., 2013; Orr et al., 2005).
Most alarming is the negative potential for calcifying organisms of commercial value,
such as bivalve molluscs. The Eastern Oyster, Crassostrea virginica, inhabits a broad latitudinal
distribution of nearly 9000 km, extending from the Canada’s Gulf of St. Lawrence down the
eastern seaboard and through the Gulf of Mexico to Mexico’s Yucatan Peninsula (Buroker,
1983). However, 70% of oysters caught in United States are from Louisiana’s private and public
beds (Commission, 1991). In Louisiana, the importance C. virginica is basal in both an
ecological and economic sense. Oyster reefs offer habitat for benthic organisms, sequester
carbon, stabilize intertidal areas, and also provide water filtration (Coen et al., 2007; Grabowski
et al., 2007). These ecosystem services ultimately increase fisheries yields and protect the
coastline from erosion and storm surge.
Decreasing abundance of these bivalves would have resonating cultural and
socioeconomic impacts. Global oyster populations have already declined by 85%, facing threats
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from commercial exploitation, habitat loss, disease, eutrophication, and hypoxia (Beck et al.,
2011). The Gulf of Mexico has the highest contemporary catch in the world, thanks in part to
restoration efforts after recent losses to oil spills and storms (La Peyre et al., 2014). The
Louisiana oyster industry generates $317 million annually and supplies over 4,000 jobs (LA
2015). Studying coastal acidification in Louisiana estuaries is crucial in order to gain a
comprehensive picture of threats to local oyster populations and their food source, all of which
must be considered when designing management strategies.
Like all bivalves, an oyster’s life cycle is complex, making the impacts of acidification
difficult to assess. Water temperature and salinity cues trigger spawning events. Once an egg is
fertilized, the larval oyster spends nearly two weeks undergoing a meroplanktonic
metamorphosis before settling as a spat (Wallace, 2001). Settlement is cued by the presence of
adult oyster shells. These juveniles grow slowly, approximately one inch per year. They are not
considered adults until sexual maturity, which occurs two to three years after settlement. In
Louisiana, the legal harvest size is greater than or equal to three inches from hinge to mouth
(Commission, 1991). Left uneaten, adults can live up to twenty years (Buroker, 1983).
During their larval phase, oysters are at their most vulnerable. Though all bivalves
biomineralize calcium carbonate, larvae utilize aragonite and as adults use calcite. Aragonite is
the more soluble form of CaCO3 and becomes undersaturated more rapidly than calcite. Studies
have shown overwhelmingly negative responses from larval bivalves exposed to elevated pCO2,
yet the magnitude varies between types of bivalves and even within the Crassostrea genus.
Talmage and Gobler (2009) deemed C. virginica larvae hardier when compared with other
commercial bivalves (hard clam Mercenaria mercenaria and bay scallop Argopecten irradians),
though all experienced decreases in size, rate of metamorphosis, and survivorship. Miller et al.
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(2009) showed decreased shell area and calcium content in C. virginica, but no change for
Crassostrea ariakensis. Kurihara et al. (2007) found that larval Crassostrea gigas grown at low
pH developed abnormal shell deformations, grew at a slower rate, and died more quickly.
Decreasing shell growth at higher pCO2 was corroborated by Hettinger et al. (2012). Beniash et
al. (2010) demonstrated a significant increase in juvenile mortality accompanied by a decrease in
somatic growth rates and reduction in shell deposition rate of C. virginica, but exposed the
developing oysters to extremely acidified conditions unlikely to occur in the wild for several
centuries.
Reductions in growth and delayed metamorphosis in oysters are likely the result of a
metabolic tradeoff. Smaller individuals with weaker shells are easier targets for predation, further
decreasing the overall percentage that might achieve settlement (Sanford et al., 2014).
Physiological problems resulting from stressors on developing larvae may persist throughout the
juvenile phase and even be magnified in adulthood (Hettinger et al., 2012). Detrimental effects
of experiments conducted in a laboratory setting have carried over when oysters were
transplanted into the wild (Hettinger et al., 2013). Conclusively, ocean acidification could have a
major thinning effect on both wild and cultured populations of oysters available for our
consumption. However, larval oyster response to elevated pCO2 exposure in actual coastal
waters will be more unpredictable. In estuaries, tidal fluctuations or riverine input can cause diel
or seasonal pH fluctuation, with some evidence that larvae from such variable environments
develop normally when exposed to higher pCO2 (Frieder et al., 2014). Future research should
continue to explore how increased pCO2 will manifest in local environments, and the response of
regional fauna to acidification in concert with other factors.
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ACIDIFICATION EFFECTS ON TROPHIC INTERACTIONS
Good nutrition could strengthen resistance to environmental stressors (Kroeker et al.,
2013), and high food availability could partially offset the negative influences of ocean
acidification on oyster larval development Hettinger et al. (2013). Additionally, Melzner et al.
(2011) found that the effects of low food availability and high pCO2 on bivalve shell growth
were additive. However, the future is far more indeterminate in terms of nutritional value that
phytoplankton communities can offer to primary consumers. An increase or decrease in
phytoplankton biomass is still not explicit, as studies on productivity response to global warming
are contradictory (Taucher & Oschlies, 2011), and increased light and stratification could
provoke opposite responses. Furthermore, phytoplankton communities are known to vary
seasonally in response to changing light, nutrient, and salinity conditions (Riekenberg et al.,
2015).
Biochemical and taxonomic changes to phytoplankton communities would change the
overall nutritional content available for consumption. Ingested fats provide essential energy to
developing larvae, in the form of polyunsaturated fatty acids (PUFAs). Phytoplankton nutritional
value is thus associated with their relative fatty acid (FA) content, and oysters consuming
phytoplankton with the highest FA have the highest growth rates (Thompson et al., 1993). Thus
far, there isn’t clear evidence for a direct effect of ocean acidification on fatty acid composition,
either of individual species (King et al., 2015) or on communities (Leu et al., 2013).
Additionally, carbon over-consumption in excess of the Redfield ratio would increase C:N and
C:P, lowering the overall nutritional value of photosynthetically produced organic matter
(Riebesell et al., 2007).
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The fate of phytoplankton and oysters is strongly linked by their direct trophic
connection. Studies have shown that C. virginica is capable of preferential feeding behavior
(Newell & Jordan, 1983), meaning they could actively select for phytoplankton of a certain
nutritional value or size. Baldwin (1995) found that feeding behavior was based on size, growth
rate, and chemical quality of food, and that oysters were capable of altering selection to take
advantage of blooms. Generally though, larval diet is limited to those in a size class matching
what they are physically able to consume (Fritz et al., 1984), with a preference for smaller
particles. This may prove problematic, as ocean acidification could potentially provoke down
regulation of the CCM, favoring larger diatoms (Eggers et al., 2014). Smaller bivalve larvae also
clear less food than larger counterparts, indirectly reducing fitness (Kurihara et al., 2007). Larval
fitness may be impaired from top down influences as well as bottom up; thin or weak shells
leave juvenile oysters more vulnerable to predation (Sanford et al., 2014).
There have been limited studies on how ocean acidification influences feeding behavior
and the trophic transfer of energy. Ocean acidification may cause a deterioration of nutritional
food quality, ultimately decreasing survivorship and reproductive capabilities of zooplankton
(Rossoll et al., 2012). A study by Vargas et al. (2013) has shown acidification provoking a
decrease in the intensity of larval bivalve feeding, and a switch in food preference from large
cells (diatoms and dinoflagellates) to smaller, more abundant nanoflagellates and cyanobacteria.
Changes in preferential feeding, or prey selectivity, could result from attempting to fulfill a
higher nutritional requirement as more energy is expending constructing their bodies in a high
pCO2 environment. The influence of acidification on dynamics within planktonic communities
will be pervasive, affecting physiology, competition, and trophic interactions.
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CHAPTER INTRODUCTIONS
This study explores how coastal acidification will influence local plankton communities
in Louisiana estuaries by experimentally testing the response of phytoplankton assemblages and
oyster larvae to this stressor. Acidification is particularly important to study locally, as regional
water chemistry will affect the manifestation of elevated pCO2, and Louisiana offers a dynamic
habitat to study. Estuaries influenced by the Mississippi-Atchafalaya river network are highly
variable. Diel and seasonal changes in inorganic carbonate chemistry are to be expected, as
riverine input influencing DIC and TA will change according to rainfall and land use. As a result,
coastal Louisiana is a maze of salinity and carbonate regimes. The environment not only
influences the resident phytoplankton communities, but also governs oyster localization. The
nonuniformity of the ecosystem makes predicting acidification extremely difficult, and the
tolerance range and response of local fauna is equally unknown.
A two-part approach is taken to explore the localized effects of coastal acidification,
focusing on both natural phytoplankton assemblages and oyster larvae. The first research chapter
(Chapter 2) tests the use of experimental microcosms to expose natural phytoplankton
communities to elevated pCO2 in a long-term incubation pilot study. Two biogeochemically
distinct habitats were sampled in order to provide different initial phytoplankton assemblages
and baseline conditions. Spring phytoplankton assemblages were collected from two Louisiana
estuaries, Four League Bay and Barataria Bay. Algae were exposed to [400] ppm (control) and
[1000] ppm (elevated) pCO2 for 16 weeks, and biomass and taxonomic structure were evaluated.
Biomass is defined as the concentration of chlorophyll a, while community structure is
quantified by photopigment analysis. The responses of the two startup communities to elevated
pCO2 were compared. Suggestions were made for future trials to better control for
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microzooplankton grazing and prevent phytoplankton blooms caused by excessive nutrient
addition, which likely had an effect on both taxonomic composition and aqueous inorganic
carbon chemistry.
In the second research chapter (Chapter 3), results are presented of the first long-term,
community-level study exposing phytoplankton to elevated pCO2. Natural phytoplankton
communities were collected in the fall from biogeochemically distinct Louisiana estuaries,
Caillou Lake and Barataria Bay. The assemblages were bubbled in experimental microcosms
with air of [400] ppm (control) and [1000] ppm (elevated) pCO2 for 16 weeks, and evaluated in
terms of biomass, taxonomic structure, diversity, and nutritional value. Biomass is defined as the
concentration of photosynthetic pigment chlorophyll a, while community structure and diversity
are quantified by photopigment analysis and microscopic observations. Additional C:N molar
ratios gave insight to carbon acquisition and nutritional value.
In the third research chapter (Chapter 4), preliminary trials were conducted exposing
larvae of the Eastern Oyster Crassostrea virginica to elevated pCO2. Louisiana broodstock were
spawned, and resulting fertilized eggs were stocked in water that had been preconditioned with
air of [400] ppm (control) and [1000] ppm (elevated) pCO2. Changes in early larval development
were evaluated in terms of survivorship (daily change in abundance) and size (daily average
length). Suggestions are made for the direction of future research into the physiological response
and adaptation of larval C. virginica in Louisiana to acidification.
Chapter 5 presents an overview of the research. The manifestation of elevated pCO2 in
coastal Louisiana and implications for plankton are discussed. An emphasis is placed on
consequences for trophic dynamic between phytoplankton and oysters, and the importance of
integrating coastal acidification with other regionally important climatic changes is highlighted.
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CHAPTER 2
IMPACTS OF ELEVATED PCO2 ON ESTUARINE PHYTOPLANKTON BIOMASS
AND COMMUNITY STRUCTURE: A PILOT STUDY

SUMMARY
Ocean acidification has the potential to impact the ocean’s biogeochemical cycles and
food web dynamics with phytoplankton in the distinctive position to be profoundly influencing
both. Individual phytoplankton species play unique roles in energy flow and element cycling.
Previous studies focus on short-term exposure of monocultures to low pH, but are insufficient in
that they neglect competitive dynamics within natural phytoplankton communities. This pilot
study explores the use of experimental microcosms to expose phytoplankton assemblages to
elevated pCO2 for an extended period of time. Phytoplankton communities were collected from
two biogeochemically distinct Louisiana estuaries, Four League Bay (FB) and Barataria Bay
(BB) and cultured in lab for 16 weeks while bubbling with CO2 enriched air corresponding to
current (400 ppm) and future (1000 ppm) pCO2 levels. This study suggests that elevated pCO2
does not implicitly catalyze an increase in phytoplankton biomass (chlorophyll a). Chl a
concentration was found to increase at increased pCO2 in BB assemblages (ANOVA, p<0.05),
but not FB. Initial spikes in small flagellated prasinophytes and chlorophytes were observed in
[1000] ppm cultures from FB, but no distinct response was observed from BB treatments. This
dissimilar biomass and successional response between the different startup communities is
indicative that community response will be nonuniform, and that current climate change models
amalgamating response by plankton functional types may not truly be representative.
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INTRODUCTION
Humans have historically modified the environment in which they live, but the rise of
large-scale conventional energy production has brought about unprecedented climatic changes.
Prior to the industrial revolution, the atmospheric concentration of greenhouse gas carbon
dioxide (quantified as the partial pressure of CO2, or pCO2) had not exceeded 300 ppm for the
last 15 million years (Pearson & Palmer, 2000). Anthropogenic activities, such as combustion of
fossil fuel and deforestation, have increased modern pCO2 to 400 ppm (Monastersky, 2013). By
the end of the 21st century, the Intergovernmental Panel on Climate Change (IPCC) predicts
levels could rise to 1000 ppm if business continues as usual (Solomon, 2007). About 30% of
atmospheric CO2 enters the oceans and altering its inorganic carbonate chemistry (Sabine et al.,
2004). Increasing CO2 in the ocean reacts with H2O to form carbonic acid (H2CO3), which
releases hydrogen ions (H+) as it further dissociates. Excess H+ lowers the pH of the water,
making it relatively more acidic. By 2100, ocean acidification could drop the pH of the ocean by
0.4 units (Caldeira & Wickett, 2003).
Changes in seawater inorganic carbonate chemistry will not be uniform around the globe,
as regional factors are strongly influences by local hydrodynamic variability than global pCO2
increases (Wanninkhof et al., 2015). Acidification has been well studied in the open-ocean
(Feely et al., 2004; Orr et al., 2005; Riebesell & Tortell, 2011), but less work has been done in
near-shore systems because of its complexity. In neritic zones, pH varies as a function of salinity,
alkalinity, nutrient input, production, respiration, calcification, and degradation of organic
matter. In such a dynamic environment, it becomes a challenge to pinpoint a suitable reference
point from which the ecosystem deviates, so the local manifestation of increased pCO2 is
unknown. River input has a direct influence on salinity and nutrients, but changes in accordance
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with rainfall, land use, and river diversions. Furthermore, physical and biological drivers often
have oppositional effects of either compounding or mitigating acidification.
Coastal Louisiana is an ideal example of a mixing zone in constant physiochemical
fluctuation due to high river input. Louisiana’s large-river deltaic estuaries receive 55% of
freshwater inflow from the Atchafalaya River in the west and the Mississippi River in the east
(Bianchi et al., 1999). In this location, estuarine carbonate chemistry doesn’t vary linearly with
salinity, and thus is not a simple additive function of freshwater and seawater components (Keul
et al., 2010). Freshwater is low in alkalinity due to a relative deficit of bicarbonate, calcium, and
other ions, so estuaries generally have a weaker buffering capacity than oceanic environments
(Cai, 2003). Conversely, the northern Gulf of Mexico river-plume represents one of the most
highly buffered areas in the United States (Wang et al., 2013) due to high concentrations of
bicarbonate delivered by the Mississippi (TA 2400 µmol kg-1) and the Atchafalaya (TA 2000
µmol kg-1) (Cai et al., 2010). Total alkalinity increases approaching the mouth of the Mississippi
(Keul et al., 2010), but local buffering capacity may also be linked to the biological removal of
CO2.
Estuaries are highly productive environments in which phytoplankton blooms can be
triggered by excessive nutrients. Photosynthetic activity creates a sink for CO2, with resonating
effect on the inorganic carbonate chemistry of the water (Dai et al., 2008). In the Gulf of Mexico,
algal blooms have been correlated with increased drawdown of DIC and increased pH (Lohrenz
& Cai, 2006). In fact, in Louisiana the biological uptake of inorganic carbon in surface waters
and subsequent downward flux is among the highest in the world (Cai, 2003). However, the
production-sequestration model may be too simplistic. Eutrophication may indirectly accelerate
acidification. Following algal die-off, microbial respiration increases and releases CO2 as a waste
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product, decreasing pH (Cai et al., 2011; Wallace et al., 2014). Some models demonstrate that
anthropogenic CO2 emissions plus CO2 from respiration facilitate acidification in a more than
additive fashion, particularly at higher temperatures (Sunda & Cai, 2012). Others studies show
just the opposite, that eutrophication in coastal areas will offset pH depression and ultimately
play a more significant role in carbonate chemistry of coastal zones than ocean acidification
(Borgesa & Gypensb, 2010).
Phytoplankton dynamics are key in understanding how increased pCO2 will affect
biogeochemical cycling. Collectively, these producers uptake nitrogen and phosphorous,
sequester carbon to the deep ocean, and supply energy to higher trophic levels. Changes in
phytoplankton communities will change taxon-specific nutrient cycling (Tagliabue et al., 2011)
and have a corresponding impact on their role as carbon sinks. Acidification may cause a shift
towards less nutritious species or degrade the nutrition potential of an existing species (Rossoll et
al., 2012), with resonating effects up the food web (Hettinger et al., 2013). There is a general
assumption that primary productivity will increase with more available carbon, but whether the
effect on marine production will be positive or negative is uncertain (Taucher & Oschlies, 2011).
Furthermore, increased biomass alone is not inclusive of the functional changes brought about by
shifts in phytoplankton community composition.
Individual species of phytoplankton will be uniquely affected by acidification, largely
due to regulation of their carbon concentrating mechanisms (CCM) (Collins et al., 2014). For
this reason, much of the literature illustrates a bidirectional reaction to acidification across and
within taxa. Rost et al. (2008) reports contradictory results within the major plankton functional
types (PFTs): silicifiers (diatoms), calcifiers (coccolithophores), and diazotrops (cyanobacteria).
In response to elevated pCO2, Wu et al. (2010) demonstrated enhanced growth and carbon
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fixation in marine diatom Phaeodactylum tricornutum, while Yang and Gao (2012) showed
insignificant effects on growth for another marine diatom, Thalassiosira pseudonana. Numerous
studies report that acidification reduced calcification by coccolithophores Emiliania huxleyi and
Gephyrocapsa oceanica ((Rost et al., 2008), but Langer et al. (2006) demonstrated nonlinear
response in other coccolithophores species Calcidiscus leptoporus and no change in Coccolithus
elagicus. In terms of the marine cyanobacteria, increased pCO2 inspired higher rates of growth
and photosynthesis in Synechococcus but were unchanged in Prochlorococcus (Fu et al., 2007).
In short, responses are variable and often contradictory across taxa, and even within
phytoplankton of the same genus (King et al., 2015).
Quantifying the response of every single phytoplankton strain is not enough, as they
respond differently outside lab conditions and in multi-species culture. Natural phytoplankton
communities are comprised of a diversity of species, each varying in physiology and potential
for adaptation. Competition within and across groups is also likely to be affected by elevated
pCO2 (Dutkiewicz et al., 2015). Investigations of community response to ocean acidification
have been limited, yet have the highest potential for global application. Some offer evidence that
increased pCO2 could significantly alter physiology and community structure (Eggers et al.,
2014; Tortell et al., 2002; Tortell et al., 2008). Tortell et al. (2002, 2008) observed a shift from
dinoflagellates to larger diatoms, and overall increase in productivity. Results from Eggers et al.
(2014) also indicated a move towards dominance of large diatoms. However, within a
phytoplankton community Kim et al. (2006) saw an increase in only a singular diatom species
Skeletonema costatum, and Nielsen et al. (2010, 2011) found no difference between succession
in treated versus untreated assemblages. This could be due to the origin of the initial community,
and highlights the need for site specific studies. Also, each of these previous community studies
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were short-term, terminating after two weeks. They rely on fast turnover to supply a quick,
sufficient model of succession, though this is unrealistic in terms of decadal changes expected as
pCO2 levels continue to rise. Long-term community level experiments are essential to address
how ocean acidification and community adaptation occur on the same timescale.
We seek to further our understanding of phytoplankton response to elevated pCO2 in
estuarine systems, and the biogeochemical and trophic implications. We address some of these
deficiencies: a lack of community-level experiments, long-term data sets, and regional studies.
The structure of local phytoplankton communities is a mutable function of the in situ
environmental conditions (Wissel et al., 2005); thus different communities can be expected in
different areas. Community composition is known to vary seasonally in Louisiana (Riekenberg et
al., 2015), and spring bloom events are linked to increases in river discharge. By isolating spring
estuarine phytoplankton assemblages and exposing them to elevated pCO2 conditions for an
extended period of time, the goal of this study is to create a unique dataset that may provide
insight into a complex future for Louisiana coastal systems.

MATERIALS AND METHODS
Site selection and field sampling
In late May 2016, natural water samples and phytoplankton communities were collected
from two sites (Figure 2.1) which provided naturally distinct habitats in terms of salinity and
nutrient levels. The first site was lower Four League Bay (29.15188, -91.08064), which is
influenced seasonally by the Atchafalaya River and mixes with the Gulf of Mexico through a
tidal inlet, creating variable salinity. The second site was lower Barataria Bay (29.14867, 90.00639), where poor water quality (e.g., dissolved organics) during high river discharge and
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runoff impacts the state’s oyster hatchery programming. This site experiences overall reduced
freshwater input with increasing salinities.

Figure 2.1 Collection sites in Four League Bay and Barataria Bay, estuarine ecosystems
distinguished by influences of their respective freshwater sources.

Water quality data was obtained in the field at the time of sampling. Temperature (°C)
and salinity were recorded using a pre-calibrated YSI (Yellow Springs Instrument) Model 556
deployed at 1m below the sea surface. Water clarity was measured by Secchi disc and depth was
recorded via depth finder. To quantify in situ inorganic carbonate chemistry, dissolved inorganic
carbon (DIC) and total alkalinity (TA) samples were collected in the field, poisoned with 0.02%
mercuric chloride (HgCl2) according to Dickson et al. (2007), placed on ice for transportation
and stored at 4°C until analysis. Additionally, 200 mL whole water subsamples were collected
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for microscopic analysis, preserved in the field with 2% glutaraldehyde, transported on ice and
stored at 4°C.
Seawater was filtered in the field through 100 μm pore size mesh screen into 22 liter
Nalgene carboys, capped with no headspace and covered for transportation. In the lab, water
from multiple carboys was mixed into one container to avoid bias from bottle effects during
transport, and triplicates established for each collection site for all sample processing. All
additional sampling (for micronutrients, chlorophyll a, and photopigments) was conducted after
filtration and transportation to Louisiana State University (LSU).
Experimental Microcosms Setup
Upon arrival, 120 liters of estuarine water per site was distributed among six 20-liter
glass carboys. Triplicate assemblages from each site were exposed to 2 pCO2 levels; a control of
[400] ppm and elevated level of [1000] ppm. Phytoplankton were grown under a 12h:12h
light:dark cycle using daylight fluorescent bulbs (5000 Kelvin, CRI 82, 2150 lumen brightness).
Placement of each treatment vessel was randomized. Temperature, as measured with a dual
pH/temperature probe, ranged <1 °C between treatments. Photosynthetically available radiation
(PAR) was measured with Biospherical Instruments' Quantum Scalar Laboratory (QSL) sensor
Model 2100 and varied between 40-50 microEinsteins m-2 s-1 in each treatment.
Inorganic carbonate chemistry was manipulated by gently bubbling pCO2 enriched air
through fine glass frits suspended 1cm above the bottom of the glass carboys. Working class
certified mixture represented present-day conditions at CO2 of [400] ppm and predicted values
by 2100 of CO2 at [1000] ppm (IPCC 2007). Gas flow rate was set using mass flow controllers,
run through a humidifier to prevent evaporation during incubation, split between treatments and
adjusted by rotameters (Figure 3.2).
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Figure 2.2. Schematic detailing the inorganic carbon chemistry manipulation in experimental
microcosms through bubbling to control conditions of [400] ppm pCO2. An identical setup was
repeated for elevated treatments of [1000] ppm pCO2.

Phytoplankton culture maintenance and sampling
Over the course of a 16-week incubation, experimental microcosms were sampled and
given 10% water replacements with nutrient additions every 10-14 days (Table 2.1). Biweekly,
TA and pH measurements were taken to monitor carbonate chemistry, and chl a was measured to
quantify overall biomass of algae. Once a month, pigment samples were taken to determine
changes in the taxonomic structure of the assemblages. Directly following each sampling period,
10% of the water was removed and replaced with artificial seawater of the same salinity (Instant
Ocean) plus a nutrient addition. After 10 days, the experimental microcosms were filtered
through an 80 μm mesh to eliminate persisting zooplankton. Within the first month, f/8 nutrients
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were added twice, but this triggered excessive algal growth and the nutrient flush was reduced to
f/16 once a month.
Table 2.1 Sampling and nutrient addition schedule.
Sampling
date
5-23-16
5-24-16
6-2-16
6-16-16
6-26-16
7-8-16
7-22-16
8-3-16
8-23-16
9-6-16

Nutrient
addition

DIC

TA

X

X

0
f/8
f/8
f/16
f/16
0
f/16
0
0

X
X
X
X
X
X
X
X

pH

Microscopy

Chl a

Pigment

X
X
X
X
X
X
X
X
X
X

X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

DIN, DIC, DSi,
DOC, TDN
X

X
X
X
X

Laboratory Analyses
Micronutrient Analysis
Dissolved inorganic nitrogen (DIN), phosphorus (DIP), and silicate (DSi) were measured
by filtering 30 mL through 0.45 µm acetate membrane filters into 30 mL acid-washed highdensity polyethylene bottles, which were frozen at -20 °C. For samples of dissolved organic
nitrogen (DON) and carbon (DOC) 10 mL were filtered through 0.45 µm acetate membrane
filters into 30 mL pre-combusted glass vials, which were frozen at -20 °C. Water samples were
then analyzed for dissolved inorganic nutrients colorimetrically using an automated discrete
analyzer (AQII; Seal Analytical). The DIN pool is comprised of NH4-N and NO3- + NO2(abbreviated as NOx-N). NH4-N was measured according to EPA Method 350.1 (USEPA 1993),
NOx-N measured according to EPA Method 353.2 (USEPA 1993), and DIP (PO4) measured
according to EPA Method 365.1 (USEPA 1993). DSi concentrations were quantified on filtered
subsamples using an O.I. Analytical Flow Solutions IV Autoanalyzer (APHA Method 450029

SiO2). Total N and total P concentrations were measured per D’Elia (1977) and USEPA Method
365.2. DOC and DON were quantified using a Shimadzu TOC-V CSN Analyzer.
Dissolved Inorganic Carbon (DIC) Analysis
Pre-combusted 250 mL borosilicate BOD bottles were filled, poisoned with 0.02% super
saturated HgCl2 solution, and stored at 4°C until analysis. Samples were processed by the
National Ocean Sciences Accelerator Mass Spectrometry Facility at Woods Hole Oceanographic
Institution. Dissolved inorganic carbon concentrations were measured by sample acidification
followed by coulometric titration (DIC Model 5011 Coulometer) (DOE, 1994; Dickson et al.,
2007).
Total Alkalinity (TA) Analysis
Fifty (50) mL centrifuge tubes were filled by submersion and poisoned with 0.02% super
saturated HgCl2. Alkalinity was then measured using a modified procedure based off Dickson et
al. (2007) SOP 3b open-cell titration. Temperature, pH, and electromotive force (e.m.f) were
measured using Thermo Electron Corporation Orion 370 pH/Ion meter. Using a Schott Titroline
easy, samples were titrated with 0.097 N hydrochloric acid (HCl) to achieve a pH of 3.5, allowed
to de-gas for 3 minutes, then titrated step-wise at 20 second intervals in 0.05 mL increments until
pH 3.0, creating a Gran Line. The final value for TA was converted from potentiometric data
using the SeaCarb program (http://CRAN.R-project.org/package=seacarb) in RStudio
(http://www.rstudio.com/). To validate accuracy in the technique, certified reference material
(CRM batch #158) was obtained from Dr. Andrew Dickerson (University of California San
Diego, Scripps Institute of Oceanography), run during each analytic session, and experimental
values confirmed to be within 5% of the standard.
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pH Measurement
pH was measured using a Mettler-Toledo S220 SevenCompact pH/Ion meter fitted with a
InLab Reach Pro-225 pH electrode with temperature and reference probe. The meter was
calibrated before each sampling date using 3-points, the 4.01, 7, and 10.01 standards from Orion
Application Solution. Additionally, two organic buffer solutions, Tris (2-amino-2hydroxymethyl-1,3-propanediol) and Amp (2-aminopyridine), were prepared in artificial
seawater of 15 psu according to Dickson (2007) SOP 6. Measurement of these standards was
used to verify the probe’s accuracy at the beginning of the experiment. pH on measured on the
total scale (mol/kg-SW) and may be referred to as pHT.
Carbonate system
All other carbonate system parameters were calculated using the CO2SYS Excel program
(http://cdiac.ornl.gov/ftp/co2sys/) adapted by Pierrot et al. (2006) using dissociation constants
from Mehrbach (1973), refit by Dickson and Millero (1987), Dickson (1990), and Uppström
(1974).
Chlorophyll a (chl a) Analysis
Total phytoplankton biomass was determined via chlorophyll (chl) a. Aliquots of water
were filtered using a 25 mm Glass Fiber Filter (GF/F) Whatman filters. Filters were stored in 15
mL centrifuge tubes, wrapped in aluminum foil, and frozen at -20 °C until analysis. Samples
were extracted for 24 hours in 90% acetone. Fluorescence was measured before and after
acidification with HCl using Turner fluorometer 10-AU in low light according to Parsons et al.
(1984).
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Photopigment Analysis
Samples were filtered through 47mm GF/F filters, wrapped in tinfoil, and frozen at 20 °C until analysis. Identification of diagnostic pigments by High Performance Liquid
Chromatography (HPLC) were performed following Pinckney et al. (1998) at the HPLC
Photopigment Analysis Facility at University of South Carolina. Briefly, filters containing
photopigments were sonicated in 3 mL of 100% acetone for 30 seconds and then extracted in the
dark for 20 to 24 hours at –20°C. Extracts were filtered through 0.2 μm and 300 μl injected into
an HPLC system equipped with reverse-phase C18columns in series (Rainin Microsorb-MV,
0.46 ×10 cm, 3 mm, Vydac 201TP, 0.46 × 25 cm, 5 mm). A nonlinear binary gradient, adapted
from Van Heukelem et al. (1995), was used for pigment separations. Solvent A consisted of 80%
methanol and 20% ammonium acetate (0.5 M adjusted to pH 7.2), and Solvent B was 80%
methanol and 20% acetone. Absorption spectra and chromatograms were acquired using a
Shimadzu SPD-M10av photodiode array detector, where pigment peaks were quantified at 440
nm.
The following accessory pigments were recognized: chl a, chl b, chc3, peridinin, 199butfucoxanthin, fucoxanthin, 199-hexfucoxanthin, neoxanthin, violaxanthin, prasinoxanthin,
diadinoxanthin, alloxanthin, diatoxanthin, lutein, and zeaxanthin. The chemical taxonomy
algorithm CHEMTAX V1.95 (http://gcmd.nasa.gov/records/AADC_CHEMTAX.html) was then
used to calculate the relative contributions of cyanobacteria, prasinophytes, chlorophytes,
dinoflagellates, cryptophytes, and diatoms to the total chl a abundance (Mackey et al., 1996),
assuming the ratio of each accessory pigment remains constant within the assemblage from each
field site. As use of region-specific pigment ratios is vital in obtaining accurate results (Lewitus
et al., 2005), CHEMTAX program matrices were obtained from Zhao and Quigg (2014).
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Taxonomy is reported as the percentage of the total assemblage, and was grouped by field site
during analysis. While 5% of the samples were observed microscopically in order to select the
most correct pigment ratio, cell counts did not match well with the pigment data. The ratios that
varied in the same proportion were thus selected. Future studies should calculate an adjustment
based on number of cells and average sizes.
Data Analysis
The effect of pCO2 on phytoplankton assemblages was compared between sites using
several different methods. Statistically, Four League Bay and Barataria Bay phytoplankton
assemblages were treated separately. Due to alternation of the cultures over the course of the
experiment via nutrient additions, repeated measure tests could not be used, and date was
considered a fixed factor. All analyses were conducted using the RStudio statistical computing
software, and significance was defined as a p value < 0.05. Numbers are reported as the mean ±
standard deviation. Bar, stacked bar, line graphs, and scatter plots were generated using
Microsoft Excel software.
Distinct 2-way analysis of variance (ANOVA) were used to determine the effect of pCO2
as a fixed factor on pH and chl a. The relationship between two non-categorical variables was
determined using a Pearson’s correlation test. The effect of pCO2 on community composition
(considered as the contribution of major taxonomic groups to the total chl a pool, square root
transformed to increase the effect of less dominant taxa) was determined using a permutational
multivariate analysis of variance (PERMANOVA) in PRIMER-6 measuring Bray-Curtis
Similarity. 2D multidimensional scaling (MDS) graphs were generated through PRIMER, with
overlay clusters based on group-average super imposed on the plot at 60% and 80% similarity.
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RESULTS
Field conditions
Four League Bay (FB) and Barataria Bay (BB) represent mid-salinity estuaries in
Louisiana, though their different sources of river input created different environmental
conditions at the time of sampling (Table 2.2). The sites were comparable in terms of the water
clarity and temperature. The inorganic carbonate systems were also similar, as Four League Bay
had a total alkalinity (TA) of 1805.15 ± 72.94 μmol kg-1 and DIC of 1730 μmol kg-1, while
Barataria Bay had a TA of 1913.68 μmol kg-1 and DIC of 1650 μmol kg-1. In both sites, the
concentration of DIP was below detection. While dissolved inorganic nitrogen (DIN) was below
detection in Four League Bay, it measured 13.49 ± 0.21 µM in Barataria Bay. Barataria had
twice the concentration of DSi (34.21 ± 0.52 µΜ) than Four League Bay (15.91 ± 0.22 μM).
Barataria Bay was also higher in dissolved oxygen (DO 392.2 mg L-1) than Four League Bay
(260.2 mg L-1). Additionally, phytoplankton biomass was higher in Barataria Bay (25.95 ± 3.12
μg chl a L-1) that Four League Bay 11.49 ± 1.51 μg chl a L-1).
Field phytoplankton assemblages
The phytoplankton community in Four League Bay (Figure 2.3) was dominated by
diatoms (~42%) and cyanobacteria (~51%), with only a small presence (<10%) of
nanoflagellates (prasinophytes, cryptophytes). The phytoplankton assemblage collected from
Barataria Bay was richer; though it was mostly diatoms (~50%) and cyanobacteria (25%),
dinoflagellates (~11%) and nanoflagellates (~14%) also represented significant contributions
(Figure 2.3). It should be noted that the process of screening through the 100 µm mesh to
eliminate zooplankton likely also excluded larger diatoms and dinoflagellates, preventing their
initial presence in phytoplankton assemblages for use in experimental incubation.
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Table 2.2 Water quality parameters and phytoplankton biomass for field sampling of Four
League Bay and Barataria Bay, Louisiana. Detection limit for N=1.43 μM, P=0.13 μM.
Averaged n=3 unless otherwise indicated.

% composition

Date sampled
Predominant river influence
GPS coordinates
Water column depth (m)
Water clarity (m)
Temperature (°C)
Salinity
Dissolved oxygen (mg L-1)
NO2 + NO3 (μM)
NH4 (μM)
PO4 (μM)
Si (μM)
DOC (mM)
TDN (μM)
Chl a (μg L-1)
Total alkalinity (μmol kg-1)
DIC (μmol kg-1)

Four League Bay
5-23-2016
Atchafalaya
29.15188, -91.08064
3
0.4
23.53
15.58
260.2
<1.43
10.28 ± 5.85
<0.13
15.91 ± 0.22
0.84 ± 0.09
20.49 ± 1.07
11.49 ± 1.51
1805.15 ± 72.94
1730, n=1

Barataria Bay
5-24-2016
Mississippi
29.14867, -90.00639
1.5
0.6
24.55
13.28
392.2
13.49 ± 0.21
7.43 ± 0.79
<0.13
34.21 ± 0.52
0.81 ± 0.06
47.33 ± 12.57
25.95 ± 3.12
1913.68, n=1
1650, n=1

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
Four League Bay
Diatoms

Cyanobacteria

Barataria Bay

Dinoflagellates

Prasinophytes

Cryptophytes

Figure 2.3. Averaged (n=3) percent phytoplankton assemblage composition of Four League Bay
and Barataria Bay collected from the field for use in incubation, based on pigment data.
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Long-term incubation
In Four League Bay cultures, the pCO2 treatment was unsuccessful in causing the pH of
FB [400] ppm and FB [1000] ppm treatments to diverge (Figure 2.4, A). However, it effectively
created a lower pH in the [1000] ppm Barataria Bay treatments (Figure 2.4, B) (ANOVA, p<
0.05). The pH of all cultures rose steadily over the course of the experiment, indicating a
relationship to aging of the cultures.

Figure 2.4. Averaged (n=3) pH values of (A) Four League Bay and (B) Barataria Bay cultures.

The pCO2 treatment did not have an influence on the overall phytoplankton biomass in
Four League Bay cultures at any point during the incubation (FB [400] ppm 12.27 ± 12.23 μg chl
a L-1, FB [1000] ppm 11.32 ± 7.01 μg chl a L-1) (Figure 2.5, A). In Barataria Bay, the BB [1000]
ppm treatment created a significantly higher biomass (33.63 ± 59.75 μg chl a L-1) than the BB
[400] ppm treatment (9.24 ± 8.98 μg chl a L-1) (ANOVA, p<0.05) (Figure 2.5, B). There was no
significant correlation between the chl a and the pH of the cultures (Figure 2.6).
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Figure 2.5. Averaged (n=3) chl a concentration in (A) Four League Bay and (B) Barataria Bay
assemblages. Darker shaded boxes represent f/8 nutrient addition, and lightly shaded boxes
represent f/16 nutrient addition.

Figure 2.6. Phytoplankton biomass (chl a) versus the pH of the (A) Four League Bay and (B)
Barataria Bay cultures.

As time passed, the total alkalinity (TA) of the water decreased gradually until the end of
10 weeks of incubation, when 11 out of the 12 cultures experienced a collective and dramatic
drop below a normal range that continued to decrease over the final month (Figure 2.7), falling
from 1600-2000 µmol kg-1 to 200-400 µmol kg-1.
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Figure 2.7. The progression of pH versus total alkalinity from Four League Bay (A) [400] ppm
and (B) [1000] ppm cultures, and Barataria Bay (C) [400] ppm and (D) [1000] ppm cultures over
the course of the experiment.

Phytoplankton succession
After 16 weeks of incubation, cyanobacteria were identified as the dominant taxonomic
group in 11 out of 12 cultures, accounting for an average of ~85% of Four League Bay
assemblages and an average of ~65% of Barataria Bay assemblages. However, each culture
arrived at cyanobacterial dominance via a different pathway of succession (PERMANOVA,
p<0.05).
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Over the first 10 days of the incubation, Four League Bay [400] ppm and [1000] ppm
treatments all increased in total percent diatoms (Figure 2.8). In [400] ppm treatments the
remaining biomass was comprised of cyanobacteria, while all three replicates of the [1000] ppm
treatments experienced identical and distinctive spikes in prasinophytes and chlorophytes. This
initial response created a distinctly different taxonomic composition in the FB [1000] ppm
assemblages than the FB [400] ppm cultures after four weeks (on 6-26-16).
Over the first 4 weeks of incubation, FB [400] ppm cultures all developed similarly,
increasing steadily in diatoms and reaching 70-90% dominance by the end of the first month (626-16). However, at the end of 8 weeks of incubation (7-22-16) the three [400] ppm replicates
diverged. In each of the three [400] ppm replicates, diatoms represented vastly different
percentages (88%, 61%, and 6%) of the total assemblage, being replaced with cyanobacteria. On
the other hand, at the end of 4 weeks of incubation (6-26-16) FB [1000] ppm treatments differed
in their diatom abundance (~34%, ~88%, ~53% in each replicate, respectively). By the end of 8
weeks (7-22-16), all FB [1000] ppm treatments transitioned to cyanobacterial dominance (5677%). By the end of 12 weeks of incubation (8-23-16) until termination of the experiment (9-616), all [400] and [1000] ppm Four League Bay cultures were dominated by cyanobacteria (FB
[400]: 85.53% ± 11.37, FB [1000] 89.07% ± 2.94).
In Barataria Bay, over the first 10 days of culture (by 6-2-16) dinoflagellates and diatoms
decreased, while cyanobacteria increased across both [400] and [1000] ppm (Figure 2.9). In
contrast to Four League Bay assemblages, no spike in nanoflagellates was observed. At the end
of 4 weeks (6-26-16), diatoms dominated all [400] and [1000] ppm cultures. The BB [400] ppm
treatments all decreased in diatoms by the end of the second month (7-22-16), gradually being
replaced by cyanobacteria. However, in 2 of the 3 BB [1000] ppm treatments diatoms were more
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successful, remaining dominant through the end of the third month (8-23-16). At termination of
the experiment (9-6-16), cyanobacteria dominated 5 out of 6 Barataria Bay cultures (BB [400]
67.73 % ± 8.29, BB [1000] 65% ± 20.22).
Multidimentional scaling (MDS) plots were created based off total abundance of the six
major taxonomic classes detected via pigment analysis (Figure 2.10). In Four League Bay, a few
of the intermediate (B and C) assemblages can be seen to remain within 80% similarity of the
startup (A) communities, while all but one were within 60% similarity. After 4 months of
incubation the taxonomic structure of the terminal (D) assemblages was distinctly separate, with
several converging to within 80% similarity of each other and half falling outside of 60%
similarity of startup and intermediate assemblages. There was no distinct grouping based on
pCO2 at any point during succession.
Barataria Bay assemblages progressed differently. All of the intermediate (B and C)
assemblages were outside of 80% similarity of the startup community, and most were also
outside of 60% similarity. However, the terminal (D) assemblages were either nonanalog or had
transitioned back to within 60% similarity of the startup structure. Again, no distinct groups were
formed according to pCO2 at any point during succession.
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Figure 2.8. Taxonomic structure of Four League Bay (FB) phytoplankton assemblages over the
course of the 16-week incubation. (A-C) [400] ppm and (D-F) [1000] ppm pCO2 treatments were
conducted in triplicate.
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Figure 2.9. Taxonomic structure of Barataria Bay (BB) phytoplankton assemblages over the
course of the 16-week incubation. (A-C) [400] ppm and (D-F) [1000] ppm pCO2 treatments were
conducted in triplicate.
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Figure 2.10. Multidimensional scaling (MDS) plots of (A) Four League Bay and (B) Barataria
Bay assemblages at each monthly sampling period.
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DISCUSSION
Two Louisiana estuaries, Four League Bay (FB) and Barataria Bay (BB), were sampled
during the transition from spring to summer. Four League Bay, part of the Atchafalaya deltaic
system, is a shallow and well mixed estuary. Samples were collected in lower Four League Bay,
which had a salinity of 15 due to tidal mixing with the Gulf of Mexico via a deep, narrow
channel called Oyster Bayou. In the spring river flow rates are high and bring an influx of
nutrients, but phytoplankton growth is limited by turbidity and cold water temperatures (Madden
et al., 1988). In late May, both nitrate and phosphate were below detection, but water
temperature reached 23 °C, supporting total phytoplankton biomass of 11.49 ± 1.51 μg chl a L-1.
While river flow slows during summer, nitrogen fixation is likely an important process that
contributed to the assemblage being composed of 51% cyanobacteria.
Barataria Bay, in the Mississippi River Plume, receives relatively little riverine input
compared with Four League Bay, nor does it experience the same seasonal variation (Madden et
al. 1998). Nutrient loading arrives in upper Barataria as runoff from local agricultural and urban
areas, but in lower Barataria Bay, tides, gulf water levels, and wind-driven resuspension are the
dominant physiochemical determinants (Madden et al., 1988). DIP was also below detection in
Barataria Bay, but DIN was 13.49 ± 0.21 μM and the phytoplankton assemblage was only 25%
cyanobacteria. The dominant phytoplankton in Barataria Bay were diatoms, making up 50% of
the community, and the total biomass (25.95 ± 3.12 μg chl a L-1) was higher than Four League
Bay. Barataria had twice the concentration of DSi (15.91 ± 0.22 μM) than Four League Bay
(34.21 ± 0.52 µΜ), facilitating the growth of diatoms, which are often larger and contribute more
chl a per cell to the biomass pool.
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The physiochemical distinctions between the two estuarine sites created unique
phytoplankton assemblages for use in the microcosm incubation. Over the course of the 16-week
experiment, natural phytoplankton assemblages from Four League Bay and Barataria Bay
experienced multiple transitional states in response to elevated pCO2 exposure. Phytoplankton
assemblages from the two estuaries often diverged in their response to increased pCO2, likely
engendered by the different startup communities.
The CO2 manipulation was only partially successful in generating distinct pH values
between treatments. In Barataria Bay, the pH of the [1000] ppm treatments rapidly dropped
lower than the [400] ppm treatments and maintained the discrepancy until the 14 weeks of
incubation. However, the pH of both Four League Bay treatments varied synchronously. It
should be noted that cultures began at a pH of ~8.5, near the upper end of the normal range
reported from field studies (Guo et al., 2012), but rose to ~10.2 after 12 weeks of culture. No
significant relationship between the pH of the water and the biomass of phytoplankton cultures
was observed during the incubation. Additionally, though the drop in total alkalinity from 18002000 µmol kg-1 to 200-300 µmol kg-1 remains unknown, it could potentially be attributed to
proliferation of ostracods (which were present in culturing containers), calcareous zooplankton
that would have precipitated CaCO3 over the course of the experiment and shifted water
chemistry.
It was expected that elevated pCO2 would encourage an increase in algal biomass. As
CO2 and HCO3- are the main sources of inorganic carbon for phytoplankton, carbon may
sometimes be a limiting nutrient (Riebesell et al., 1993). The converse, that increased pCO2
stimulates growth, is supported by recent studies showing enhanced overall biomass and primary
production in acidified phytoplankton communities (Sommer et al., 2017; Taucher et al., 2017).
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Indeed, in this study the BB [1000] ppm treatments maintained a significantly higher biomass
than BB [400] ppm treatments (ANOVA, p<0.05). However, pCO2 seemed to have no effect on
the biomass of Four League Bay cultures. This suggests a relationship to pH discrepancy, in that
BB [1000] ppm treatments had a significantly lower pH and a significantly higher biomass,
while Four League Bay treatments showed no difference. Maugendre et al. (2015) and Tortell et
al. (2002) observed similar results to Four League Bay assemblages, in which elevated pCO2
incited no significant change in gross primary production, net community production, particulate
and dissolved carbon production, or growth rates. It seems that elevated pCO2 does not implicitly
catalyze an increase in phytoplankton biomass, contradicting the generalization that increased
available carbon will drive algal blooms. Broadly, the rise and fall of biomass during this
experiment may be attributed to the nutrient additions.
Measure of biomass alone, however, doesn’t account for changes in species composition.
CO2-driven shifts in the taxonomic structure of phytoplankton assemblages may occur without
notable change to total primary productivity or biomass (Tortell et al., 2002). In this study, one
culture increased in biomass while the other did not, suggesting species-specific responses within
the different startup communities. The bulk of the biomass from phytoplankton communities in
both Four League Bay and Barataria Bay was composed of diatoms and cyanobacteria, though
Barataria represented a higher percentage of dinoflagellates and nanoflagellates. By the end of
the 16-week incubation all cultures were dominated by cyanobacteria, though each arrived via a
different successional pathway. In Four League Bay, increased pCO2 provoked an initial increase
in nanoflagellates and decrease in cyanobacteria, but assemblages from both treatments
homogenized at later dates. In Barataria, the opposite trend was observed. Both treatments
responded similarly with an initial drop and then spike in the total percent diatoms by the end of
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four weeks, but BB [1000] ppm cultures sustained diatom prevalence for longer while BB [400]
ppm treatments quickly transitioned to cyanobacterial dominance.
Each species varies in their competitive capabilities and ecological role, so taxonomic
composition is not fixed, even in a particular area. Diatoms nearly always dominate when silica
is abundant (Officer & Ryther, 1980), and their large cell size make them particularly efficient in
the process of sequestering carbon (Allen et al., 2005). Cyanobacteria often possess the ability to
fix atmospheric nitrogen, and are not thus uninhibited by an aqueous absence (Allen & Arnon,
1955). Dinoflagellates are not great competitors for inorganic nutrients (Smayda & Reynolds,
2003), but many consume both organic and inorganic nutrients to make up for this (Litchman &
Klausmeier, 2008; Smayda, 1997). Taxa vary in their physiological acquisition of inorganic
carbon through use of a carbon concentrating mechanism (CCM), which uptakes HCO3- (Toretll
et al., 2000). Regulation of the CCM is also dependent on the availability of light, nutrients, and
trace metals (Raven & Johnston, 1991). The combination of all of these factors will dictate
community structure.
Even considering only major taxonomic classes, past community studies show variable
and often conflicting responses to elevated pCO2. Community response is understandably a
function of the original community composition, with no accounting for differences in nutrient
regime or time period across studies. For example, Nielsen et al. (2010) found that abundance of
dinoflagellate Karlodinium spp. was the only species affected by a 14 day incubation, but there
was no change in cell size or photosynthetic activity. Eggers et al. (2014) found that increased
CO2 selected for large diatoms like Chaetoceros sp. and Thalassiosira constrica, hypothesizing
that larger size classes were favored because they are subject to greater reaction-diffusion
limitation. In contrast, Tortell et al. (2002) found that prymnesiophyte Phaeocystis gained
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dominance while diatom abundance decreased. Cell size, or the surface area to volume ratio,
may play a role in dictating fitness at elevated pCO2.
The most distinct response seen in this study was the initial spike of nanoflagellates
(prasinophytes, chlorophytes, cryptophytes) and decrease in cyanobacteria observed in FB
[1000] ppm cultures after 10 days of incubation. Low-Décarie et al. (2011) also found that at
elevated pCO2 chlorophytes were favored over cyanobacteria and diatoms. These results are
supported by evidence that increased pCO2 significantly stimulated growth of three species of
chlorophytes in monocultures (Yang & Gao, 2003), and that found that that picoeukaryotes
increased their relative contribution to an assemblage under acidified conditions (Taucher et al.,
2017). However, a study by Verschoor et al. (2013) found that cyanobacteria benefitted over
chlorophytes while Bermúdez et al. (2016) noted that chlorophytes decreased overall at elevated
pCO2. Increased available carbon seems to affect the dynamic between chlorophytes and
cyanobacteria, but the direction of their responses could be moderated by the other taxonomic
components. Our study adds that a response is only temporary; the perturbation was noted at 10
days of incubation, at which point most other studies ended their trial. The fact that Four League
Bay treatments homogenized after several more weeks could be evidence of adaptation.
Barataria Bay assemblages of both control and increased pCO2 observed a remarkably
similar successional pattern over the first 4 weeks of culture. Nielsen et al. (2010) also noted an
apparent lack of response to 14 days of acidification, reporting that coastal plankton communities
were unaffected by increased free CO2 and low pH. They proposed that the large diurnal and
seasonal pH fluctuations typical of their study site (the Øresund strait) may have created pHtolerant algal species. However, while certain ecosystems may be accustomed to acute low pH
exposure, elevated pCO2 may increase sensitivity towards other environmental factors. Estuaries
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habitually fluctuate across a wide range of physiochemical parameters, but anthropogenic
influence may shift the boundary conditions. Elevated pCO2 may exacerbate or modulate
phytoplankton response to eutrophication, salinity, or temperature.
In this study, 11 out of 12 treatments were dominated by diatoms at the end of the first 4
weeks of culture, at which point the greatest amount of nutrients had been added. This may
indicate that nutrient regime has a greater influence than acidification. Low-Décarie et al. (2015)
found that growth and community composition of freshwater phytoplankton was jointly affected
by pCO2 and nutrient addition. Hare et al. (2007) showed that increased pCO2 shifted the
community composition from diatoms to nanoflagellates, but only as a secondary factor;
community response was more strongly driven by elevated temperature. Sommer et al. (2015)
found that phytoplankton cell sizes become smaller in warmer water, but that it was offset by
elevated pCO2. Short generation time notwithstanding, many of these studies could be limited by
the brevity of the trial period. In the longest study reviewed, Rasconi et al. (2017) found that over
the course of an 8 month incubation, elevated and fluctuating temperature resulted in lower
growth of larger species, also decreasing diversity and evenness as cyanobacteria and
chlorophytes gained dominance. Extending the length of incubation experiments and
incorporating multiple factors allows for more comprehensive predictions for life in a changing
climate.
In a long-term, community level microcosm study, many factors cannot be controlled or
accounted for. One thing made clear is that there is no deterministic response in either biomass
or community structure dictated by elevated pCO2. On the contrary, comparison between
different startup communities and past studies suggests that results from one area may not be
generalized to other coastal ecosystems.
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Future considerations
Typical community level research projects utilize mesocosms, experimental systems
deployed in situ. In contrast, this study collected water from the field and transferred it to
culturing units in the lab, creating large microcosms. This pilot study identified major pitfalls for
long-term incubation experiments, and proposes corrections for future trials. Immediately
apparent was the difficultly in targeting phytoplankton for collection while excluding
microzooplankton, as their size ranges overlap. Water from the field was screened through 100
µm mesh, but after a week of incubation zooplankton were detected in all culturing units,
necessitating a re-screening through 80 µm mesh. It was only partially successful. As a result,
grazing pressure almost certainly played a role in dictating community structure, and likely was
not uniform between units. Predation may have accounted for some of the variation between
biological replicates.
Another major decision to make was selection of an appropriate nutrient regime. Typical
monoculture incubations use an f/2 media preparation (Guillard, 1975), making a batch of fresh
media as needed and inoculating the new water with phytoplankton from the old culture. This
method was not logical for 20 liter microcosms, so cultures were instead flushed with nutrients at
each sampling period to simulate river pulses. To encourage growth, the target nutrient addition
was such that cultures were at an f/8 concentration. As the assemblages responded more strongly
than anticipated, nutrient additions were halved to f/16 and the cultures were supplemented less
frequently. Future experiments should add a minimal amount of nutrients, perhaps to an f/40
concentration, and do so on a more regular schedule over the course of incubation.
Changes in the relative contribution of major taxonomic groups should be more important
in terms of ecological and biogeochemical function than genus or species levels shifts. However,
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individual species can also play unique roles in their communities. Future studies should
supplement pigment data with microscopic identification and quantitative analysis. Furthermore,
it should be noted that the CHEMTAX program does not account for size of the individual cells
contributing an accessory pigment.
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CHAPTER 3
IMPACTS OF ELEVATED PCO2 ON ESTUARINE PHYTOPLANKTON BIOMASS,
COMMUNITY STRUCTURE, AND NUTRITIONAL VALUE

SUMMARY
Ocean acidification has the potential to impact the ocean’s biogeochemical cycles and
food web dynamics, with phytoplankton in the distinctive position to profoundly influence both.
Individual phytoplankton species play unique roles in energy flow and element cycling. Previous
studies focus on short-term exposure of monocultures to low pH, but are insufficient in that they
neglect competitive dynamics within natural phytoplankton communities. This study explores
the use of experimental microcosms to expose phytoplankton assemblages to elevated pCO2 for
an extended period of time. Phytoplankton communities were collected from two
biogeochemically distinct Louisiana estuaries, Caillou Lake (CL) and Barataria Bay (BB), and
cultured in lab for 16 weeks while bubbling with CO2 enriched air corresponding to current (400
ppm) and future (1000 ppm) pCO2 levels. Results suggest that elevated pCO2 does not implicitly
catalyze an increase in phytoplankton biomass (chlorophyll a). By the end of the 16-week
incubation, 10 out of the 12 cultures had a community structure analogous to that of the startup
phytoplankton assemblage collected from the field. While pigment data alone showcased a
parabolic trend, microscopic observations revealed a loss in species diversity within each major
taxonomic class. Natural phytoplankton assemblages exposed to elevated pCO2 experienced
multiple transitional states over the course of a 16-week incubation, indicating that there is no
deterministic successional pathway dictated by coastal acidification.

58

INTRODUCTION
Humans have historically modified the environment in which they live, but the rise of
large-scale conventional energy production has brought about unprecedented climatic changes.
Prior to the industrial revolution, the atmospheric concentration of greenhouse gas carbon
dioxide (quantified as the partial pressure of CO2, or pCO2) had not exceeded 300 ppm for the
last 15 million years (Pearson & Palmer, 2000). Anthropogenic activities, such as combustion of
fossil fuel and deforestation, have increased modern pCO2 to 400 ppm (Monastersky, 2013). By
the end of the 21st century, the Intergovernmental Panel on Climate Change (IPCC) predicts
levels could rise to 1000 ppm if business continues as usual (Solomon, 2007). About 30% of
atmospheric CO2 enters the oceans and altering its inorganic carbonate chemistry (Sabine et al.,
2004). Increasing CO2 in the ocean reacts with H2O to form carbonic acid (H2CO3), which
releases hydrogen ions (H+) as it further dissociates. Excess H+ lowers the pH of the water,
making it relatively more acidic. By 2100, ocean acidification could drop the pH of the ocean by
0.4 units (Caldeira & Wickett, 2003).
Changes in seawater inorganic carbonate chemistry will not be uniform around the globe,
as regional factors are strongly influences by local hydrodynamic variability than global pCO2
increases (Wanninkhof et al., 2015). Acidification has been well studied in the open-ocean
(Feely et al., 2004; Orr et al., 2005; Riebesell & Tortell, 2011), but less work has been done in
near-shore systems because of its complexity. In neritic zones, pH varies as a function of salinity,
alkalinity, nutrient input, production, respiration, calcification, and degradation of organic
matter. In such a dynamic environment, it becomes a challenge to pinpoint a suitable reference
point from which the ecosystem deviates, so the local manifestation of increased pCO2 is
unknown. River input has a direct influence on salinity and nutrients, but changes in accordance
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with rainfall, land use, and river diversions. Furthermore, physical and biological drivers often
have oppositional effects of either compounding or mitigating acidification.
Coastal Louisiana is an ideal example of a mixing zone in constant physiochemical
fluctuation due to high river input. Louisiana’s large-river deltaic estuaries receive 55% of
freshwater inflow from the Atchafalaya River in the west and the Mississippi River in the east
(Bianchi et al., 1999). In this location, estuarine carbonate chemistry doesn’t vary linearly with
salinity, and thus is not a simple additive function of freshwater and seawater components (Keul
et al., 2010). Freshwater is low in alkalinity due to a relative deficit of bicarbonate and other
ions, so estuaries generally have a weaker buffering capacity than oceanic environments (Cai,
2003). Conversely, the northern Gulf of Mexico river-plume represents one of the most highly
buffered areas in the United States (Wang et al., 2013), due to high concentrations of bicarbonate
delivered by the Mississippi (TA 2400 µmol kg-1) and the Atchafalaya (TA 2000 µmol kg-1) (Cai
et al., 2010). Total alkalinity increases approaching the mouth of the Mississippi (Keul et al.,
2010), but local buffering capacity may also be linked to the biological removal of CO2.
Estuaries are highly productive environments in which phytoplankton blooms can be
triggered by excessive nutrients. Photosynthetic activity creates a sink for CO2, with resonating
effect on the inorganic carbonate chemistry of the water (Dai et al., 2008). In the Gulf of Mexico,
algal blooms have been correlated with increased drawdown of DIC and increased pH (Lohrenz
& Cai, 2006). In fact, in Louisiana the biological uptake of inorganic carbon in surface waters
and subsequent downward flux is among the highest in the world (Cai, 2003). However, the
production-sequestration model may be too simplistic. Eutrophication may indirectly accelerate
acidification. Following algal die-off, microbial respiration increases and releases CO2 as a waste
product, decreasing pH (Cai et al., 2011; Wallace et al., 2014). Some models demonstrate that
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anthropogenic CO2 emissions plus CO2 from respiration facilitate acidification in a more than
additive fashion, particularly at higher temperatures (Sunda & Cai, 2012). Others studies show
just the opposite, that eutrophication in coastal areas will offset pH depression and ultimately
play a more significant role in carbonate chemistry of coastal zones than ocean acidification
(Borgesa & Gypensb, 2010).
Phytoplankton dynamics are key in understanding how increased pCO2 will affect
biogeochemical cycling. Collectively, these producers not only sequester carbon to the deep
ocean but also supply energy to higher trophic levels. Changes in phytoplankton communities
will change taxon-specific nutrient cycling (Tagliabue et al., 2011) and have a corresponding
impact on their role as carbon sinks. There is a general assumption that primary productivity will
increase with more available carbon, but whether the effect on marine production will be positive
or negative is uncertain (Taucher & Oschlies, 2011). Furthermore, increased biomass alone is not
inclusive of the functional changes brought about by shifts in phytoplankton community
composition. Acidification may cause a shift towards less nutritious species or degrade the
nutrition potential of an existing species (Rossoll et al., 2012), with resonating effects up the
food web (Hettinger et al., 2013).
Individual species of phytoplankton will be uniquely affected by acidification, largely
due to regulation of their carbon concentrating mechanisms (CCM) (Collins et al., 2014). For
this reason, much of the literature illustrates a bidirectional reaction to acidification across and
within taxa. Rost et al. (2008) reports contradictory results within the major plankton functional
types (PFTs): silicifiers (diatoms), calcifiers (coccolithophores), and diazotrops (cyanobacteria).
In response to elevated pCO2, Wu et al. (2010) demonstrated enhanced growth and carbon
fixation in marine diatom Phaeodactylum tricornutum, while Yang and Gao (2012) showed
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insignificant effects on growth for another marine diatom, Thalassiosira pseudonana. Numerous
studies report that acidification reduced calcification by coccolithophores Emiliania huxleyi and
Gephyrocapsa oceanica (Rost et al., 2008), but Langer et al. (2006) demonstrated nonlinear
response in other coccolithophores species Calcidiscus leptoporus and no change in Coccolithus
elagicus. In terms of the marine cyanobacteria, increased pCO2 inspired higher rates of growth
and photosynthesis in Synechococcus but were unchanged in Prochlorococcus (Fu et al., 2007).
In short, responses are variable and often contradictory across taxa, and even within
phytoplankton of the same genus (King et al., 2015).
Quantifying the response of every single phytoplankton strain is not enough, as they
respond differently outside lab conditions and in multi-species culture. Natural phytoplankton
communities are comprised of a diversity of species, each varying in physiology and potential
for adaptation. Competition within and across groups is also likely to be affected by elevated
pCO2 (Dutkiewicz et al., 2015). Investigations of community response to ocean acidification
have been limited, yet have the highest potential for global application. Some offer evidence that
increased pCO2 could significantly alter physiology and community structure (Eggers et al.,
2014; Tortell et al., 2002; Tortell et al., 2008). Tortell et al. (2002, 2008) observed a shift from
dinoflagellates to larger diatoms, and overall increase in productivity. Results from Eggers et al.
(2014) also indicated a move towards dominance of large diatoms. However, within a
phytoplankton community Kim et al. (2006) saw an increase in only a singular diatom species
Skeletonema costatum, and Nielsen et al. (2010, 2011) found no difference between succession
in treated versus untreated assemblages. This could be due to the origin of the initial community,
and highlights the need for site specific studies. Also, each of these previous community studies
were short-term, terminating after two weeks. They rely on fast turnover to supply a quick,

62

sufficient model of succession, though this is unrealistic in terms of decadal changes expected as
pCO2 levels continue to rise. Long-term community level experiments are essential to address
how ocean acidification and community adaptation occur on the same timescale.
This study seeks to further our understanding of phytoplankton response to elevated
pCO2 in estuarine systems, and the biogeochemical and trophic implications. Here we address
several deficiencies: a lack of community-level experiments, long-term data sets, and regional
studies. The structure of local phytoplankton communities is a mutable function of the in situ
environmental conditions (Wissel et al., 2005); thus different communities can be expected in
different areas. Community composition is known to vary seasonally in Louisiana (Riekenberg et
al., 2015), and spring bloom events are linked to increases in river discharge. By isolating a
spring estuarine phytoplankton assemblage and exposing it to elevated pCO2 conditions for an
extended period of time, we create a unique dataset that may provide insight into a complex
future for Louisiana coastal systems.

MATERIALS AND METHODS
Site selection and field sampling
In fall 2016, natural water samples and phytoplankton communities were collected from
two sites (Figure 2.1) which provided naturally distinct habitats in terms of salinity and nutrient
levels. The first site was Caillou Lake (29.241100, -90.935333), which is influenced seasonally
by the Atchafalaya River and has greater freshwater input. The second site was lower Barataria
Bay (29.271700, -89.963083), where poor water quality (e.g., dissolved organics) during high
river discharge and runoff impacts the state’s oyster hatchery programming. This site
experiences overall reduced freshwater input with increasing salinities.
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Figure 3.1. Collection sites in Caillou Lake and Barataria Bay, estuarine ecosystems
distinguished by influences of their respective freshwater sources.

Water quality data was obtained in the field at the time of sampling. Temperature (°C)
and salinity were recorded using a pre-calibrated YSI (Yellow Springs Instrument) Model 85
deployed at 1m below the sea surface. Water clarity was measured by Secchi disc and depth was
recorded via depth finder. To quantify in situ inorganic carbon, dissolved inorganic carbon (DIC)
and total alkalinity (TA) samples were collected in the field, poisoned with 0.02% mercuric
chloride (HgCl2) according to Dickson et al. (2007), placed on ice for transportation and stored at
4°C until analysis. Additionally, whole water subsamples of 200 mL were collected for
microscopic analysis, preserved in the field with 2% glutaraldehyde, transported on ice and
stored at 4°C.
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Seawater was filtered in the field through an 80 μm pore size mesh screen into 22 liter
Nalgene carboys, capped with no headspace and covered for transportation. It should be noted
that the process of screening through the 80 µm mesh to eliminate zooplankton likely also
excluded larger diatoms and dinoflagellates, preventing their initial presence in phytoplankton
assemblages for use in experimental incubation (with the exception of those that could fit
sideways through a mesh).
In the lab, water from multiple carboys was mixed into one container to avoid bias from
bottle effects during transport, and triplicates established for each collection site and for all
sample processing. All additional sampling (for micronutrients, trace metals, chlorophyll a,
photopigments, and CHN) was conducted after filtration through 80 μm in the field and
transportation to Louisiana State University (LSU).
Experimental microcosm setup
In the lab, 120 liters of estuarine water per site was distributed among six 20-liter glass
carboys. Triplicate assemblages from each site were exposed to two different pCO2 levels; a
control of [400] ppm and elevated level of [1000] ppm. Phytoplankton were grown under a
12h:12h light:dark cycle using daylight fluorescent bulbs (5000 Kelvin, CRI 82, 2150 lumen
brightness). Placement of each treatment vessel was randomized. Temperature, as measured with
a dual pH/temperature probe, ranged <1 °C between treatments. Photosynthetically available
radiation (PAR) was measured with Biospherical Instruments' Quantum Scalar Laboratory
(QSL) sensor Model 2100 and varied between 40-50 microEinsteins m-2 s-1 in each treatment.
Inorganic carbonate chemistry was manipulated by gently bubbling pCO2 enriched air
through fine glass frits suspended 1cm above the bottom of the glass carboys. Working class
certified mixture represented present-day conditions of CO2 at [400] ppm and predicted values
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by 2100 of CO2 at [1000] ppm (IPCC 2007). Gas flow rate was set using mass flow controllers,
run through a humidifier to prevent evaporation during incubation, split between treatments and
adjusted by rotameters (Figure 3.2). Cultures were continually mixed by stir bars set atop
rotating magnetic plates.

Figure 3.2. Schematic detailing the inorganic carbon chemistry manipulation in experimental
microcosms through bubbling to control conditions of [400] ppm pCO2. An identical setup was
repeated for elevated treatments of [1000] ppm pCO2.

Phytoplankton culture maintenance and sampling
After setting up the microcosms, sampling and nutrient additions occurred every 2 weeks
(Table 3.1). Directly following each sampling period, 10% of the water was removed and
replaced with new water from each respective field site (after being filtered, autoclaved, and
nutrients added to achieve an f/40 concentration). The incubation experiment ran for a total of 16
weeks.
Beginning and endpoint DIC samples were taken. Every two weeks, total alkalinity (TA)
and pH measurements were taken to monitor carbonate chemistry, and chl a was measured to
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quantify the overall algal biomass. Every four weeks, pigment samples were taken to examine
taxonomic succession, while CHN and fatty acid samples were taken to measure changes in the
nutritional value of the assemblage as a whole. Pigment samples were additionally taken several
times within the first 4 weeks (after 5 days, then 2 weeks) to quantify the initial response.
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Table 3.1. Sampling and nutrient addition schedule.
Sampling date

Nutrient
addition

DIC

TA

pH

Microscope
observation

Chl a

Pigment

CHN

Fatty
acid

DIN,
DIC,
DSi
X

Trace
metals

Field
X
X
X
X
X
X
X
X
(BB: 9-30-16, CL: 10-2-16)
Week 0 (10-4-16)
0
X
X
X
X
X
X
X
(10-9-16)
0
X
Week 2 (10-18-16)
f/40
X
X
X
X
X
Week 4 (11-1-16)
0
X
X
X
X
X
X
Week 6 (11-15-16)
f/40
X
X
X
Week 8 (11-29-16)
0
X
X
X
X
X
X
X
Week 10 (12-13-16)
f/40
X
X
X
X
Week 12 (12-27-16)
0
X
X
X
X
X
X
Week 14 (1-10-17)
f/40
X
X**
X
X
Week 16 (1-25-17)
0
X**
X
X
X
X
X
X
(1-26-17)
0
X
X
(1-27-17)
0
X*
X*
X
X
*DIC and TA samples filtered through a Supor membrane.
**pH samples were collected in glass scintillation vials, sealed with no headspace, and measured with a Thermo Electron Corporation
Orion 370 pH/Ion meter within 15 minutes.
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Laboratory Analyses
Micronutrient Analysis
Dissolved inorganic nitrogen (DIN), phosphorus (DIP), and silicate (DSi) were measured
by filtering 30 mL through 0.45 µm acetate membrane filters into 30 ml acid-washed highdensity polyethylene bottles, which were frozen at -20 °C. Water samples were then analyzed for
dissolved inorganic nutrients colorimetrically using an automated discrete analyzer (AQII; Seal
Analytical). The DIN pool is comprised of NH4-N and NO3- + NO2- (abbreviated as NOx-N).
NH4-N was measured according to EPA Method 350.1 (USEPA 1993), NOx-N measured
according to EPA Method 353.2 (USEPA 1993), and DIP (PO4) measured according to EPA
Method 365.1 (USEPA 1993). DSi concentrations were quantified on filtered subsamples using
an O.I. Analytical Flow Solutions IV Autoanalyzer (APHA Method 4500-SiO2). Total N and
total P concentrations were measured per D’Elia (1977) and USEPA Method 365.2.
Trace Metal Analysis
Trace metals were obtained by using a syringe to push 4mL aliquots through a 0.22 μm
nylon filter. Samples were immediately poisoned with 1% nitric acid (HNO3) and stored cool in
high-density polyethylene bottles until analysis. Samples were diluted 10-fold with 2% HNO3
and processed on a Thermo Scientific iCAP Q ICP-MS with NASS-6 standard to verify
measurement accuracy.
Dissolved Inorganic Carbon (DIC) Analysis
In the field, pre-combusted 250 mL borosilicate BOD bottles were filled by directly
submersing in the water. In the lab, DIC was extracted from culturing units via a peristaltic pump
through a Supor membrane filter. The bottles were immediately poisoned with 0.02% super
saturated HgCl2 solution, and stored at 4°C until analysis. Samples were processed by the
National Ocean Sciences Accelerator Mass Spectrometry Facility at Woods Hole Oceanographic
69

Institution. Dissolved inorganic carbon concentrations were measured by sample acidification
followed by coulometric titration (DIC Model 5011 Coulometer) (DOE, 1994; Dickson et al.,
2007).
Total Alkalinity (TA) Analysis
Fifty (50) mL centrifuge tubes were filled by submersion and poisoned with 0.02% super
saturated HgCl2. Alkalinity was measured using a modified procedure based off Dickson et al.
(2007) SOP 3b open-cell titration. Temperature, pH, and electromotive force (e.m.f) were
measured using Thermo Electron Corporation Orion 370 pH/Ion meter. Using a Schott Titroline
easy, samples were titrated with 0.097 N hydrochloric acid (HCl) to achieve a pH of 3.5, allowed
to de-gas for 3 minutes, then titrated step-wise at 20 second intervals in 0.05 mL increments until
pH 3.0, creating a Gran Line. The final value for TA was converted from potentiometric data
using the SeaCarb program (http://CRAN.R-project.org/package=seacarb) in RStudio
(http://www.rstudio.com/). To validate accuracy in the technique, certified reference material
(CRM batch #158) was obtained from Dr. Andrew Dickson (University of California San Diego,
Scripps Institute of Oceanography), run during each analytic session, and experimental values
confirmed to be within 5% of the standard.
pH Measurement
pH was measured using a Mettler-Toledo S220 SevenCompact pH/Ion meter fitted with a
InLab Reach Pro-225 pH electrode with temperature and reference probe. The meter was
calibrated before each sampling date using 3-points, the 4.01, 7, and 10.01 standards from Orion
Application Solution. Additionally, two organic buffer solutions, Tris (2-amino-2hydroxymethyl-1,3-propanediol) and Amp (2-aminopyridine), were prepared in artificial
seawater of 15 psu according to Dickson (2007) SOP 6. Measurement of these standards was
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used to verify the probe’s accuracy at the beginning of the experiment. pH on measured on the
total scale (mol/kg-SW) and may be referred to as pHT.
Carbonate System Modeling
All other carbonate system parameters were calculated using the CO2SYS Excel
program (http://cdiac.ornl.gov/ftp/co2sys/) adapted by Pierrot et al. (2006) using dissociation
constants from Mehrbach (1973), refit by Dickson and Millero (1987), Dickson (1990), and
Uppström (1974).
Chlorophyll a (chl a) Analysis
Total phytoplankton biomass, was determined via chlorophyll (chl) a. Aliquots of water
were filtered using a 25 mm Glass Fiber Filter (GF/F) Whatman filters. Filters were stored in 15
mL centrifuge tubes, wrapped in aluminum foil, and frozen at -20 °C until analysis. Samples
were extracted for 24 hours in 90% acetone. Fluorescence was measured before and after
acidification with HCl using Turner fluorometer 10-AU in low light according to Parsons et al.
(1984).
Photopigment Analysis
Samples were filtered through 47mm GF/F filters, wrapped in tinfoil, and frozen at 20 °C until analysis. Identification of diagnostic pigments by High Performance Liquid
Chromatography (HPLC) were performed following Pinckney et al. (1998) at the HPLC
Photopigment Analysis Facility at University of South Carolina. Briefly, filters containing
photopigments were sonicated in 3 mL of 100% acetone for 30 seconds and then extracted in the
dark for 20 to 24 hours at –20°C. Extracts were filtered through 0.2 μm and 300 μl injected into
an HPLC system equipped with reverse-phase C18columns in series (Rainin Microsorb-MV,
0.46 ×10 cm, 3 mm, Vydac 201TP, 0.46 × 25 cm, 5 mm). A nonlinear binary gradient, adapted
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from Van Heukelem et al. (1995), was used for pigment separations. Solvent A consisted of 80%
methanol and 20% ammonium acetate (0.5 M adjusted to pH 7.2), and Solvent B was 80%
methanol and 20% acetone. Absorption spectra and chromatograms were acquired using a
Shimadzu SPD-M10av photodiode array detector, where pigment peaks were quantified at 440
nm.
The following accessory pigments were recognized: chl a, chl b, chc3, peridinin, 199butfucoxanthin, fucoxanthin, 199-hexfucoxanthin, neoxanthin, violaxanthin, prasinoxanthin,
diadinoxanthin, alloxanthin, diatoxanthin, lutein, and zeaxanthin. The chemical taxonomy
algorithm CHEMTAX V1.95 (http://gcmd.nasa.gov/records/AADC_CHEMTAX.html) was then
used to calculate the relative contributions cyanobacteria, chlorophytes, dinoflagellates,
cryptophytes, and diatoms to the total chl a abundance (Mackey et al., 1996), assuming the ratio
of each accessory pigment remains constant within the assemblage from each field site. As use of
region-specific pigment ratios is vital in obtaining accurate results (Lewitus et al., 2005),
CHEMTAX program matrices were obtained from Zhao and Quigg (2014). Taxonomy is
reported as the percentage of the total assemblage, and was grouped by field site and pCO2 level
during analysis.
Microscopic analysis
Microscopic analysis was conducted in order to verify pigment ratios and identify the
most dominant phytoplankton to the lowest possible taxonomic level. Using an Axio Observer A1 inverted microscope (Axiovert 135, Zeiss), the abundance of diatom and cyanobacteria cells
were counted on gridded Sedgewick-Rafter slides and scaled to cells L-1. The biovolume of an
algal type (e.g. ellipsoid) was computed using similar geometric models according to Sun and
Liu (2003). Ratios were verified using the summation of the biovolumes of each type within the
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broad taxonomic class. All samples from field, intermediate (11-28-16) and terminal (1-25-17)
sampling points were analyzed.
CHN Analysis
Prior to filtration, 25mm GF/F filters were pre-combusted in aluminum weighing dishes.
During sampling, aliquots of water were strained through these filters using pre-combusted glass
filtration units. Filters were placed directly into aluminum weighing dishes, dried overnight at
60 °C, and stored in a desiccator until analysis. A subsample was procured with a hole-puncher;
the punches were pelletized and placed in tin capsules. Samples were run on a Costech 4010
Elemental Combustion Analyzer according to EPA method 440 (Zimmermann et al., 1997) and
reported as the molar ratio of total carbon to total nitrogen within the sample.
Data Analysis
The effect of pCO2 on phytoplankton assemblages was compared between sites using
several different methods. Statistically, Caillou Lake and Barataria Bay phytoplankton
assemblages were treated separately. Due to alternation of the cultures over the course of the
experiment via nutrient additions, repeated measure tests could not be used, and date was
considered a fixed factor. All analyses were conducted using the RStudio statistical computing
software, and significance was defined as a p value < 0.05. Numbers are reported as the mean ±
standard deviation. Bar, stacked bar, line graphs, and scatter plots were generated using
Microsoft Excel software.
Distinct 2-way analysis of variance (ANOVA) were used to determine the effect of pCO2
as a fixed factor on pH, chl a, and diversity. The relationship between two non-categorical
variables was determined using a Pearson’s correlation test. The effect of pCO2 on community
composition (considered as the contribution of major taxonomic groups to the total chl a pool,
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square root transformed to increase the effect of less dominant taxa) was determined using a
permutational multivariate analysis of variance (PERMANOVA) in PRIMER-6 measuring BrayCurtis Similarity. 2D multidimensional scaling (MDS) graphs were generated through PRIMER,
with overlay clusters based on group-average super imposed on the plot at 60% and 80%
similarity.
Finally, two diversity indices were calculated, taking into account the evenness and
abundance of the five broad taxonomic classes based off pigment data. Simpson (1-D) in an
index ranging from 0 to 1, with 1 being the highest diversity (equation 1). Shannon-Wiener (H)
is an index typically ranging from 0 to 3.5, with 3.5 being the most diverse (equation 2).
D = ∑𝑠𝑖=1 p𝑖 2

(1)

H = ∑s𝑖=1(p𝑖 ln p𝑖 )

(2)

In which s is the number of species encountered, pi is the fraction of the population made up of
species i, and ∑ is the sum of species 1 to species s.

RESULTS
Field conditions
Caillou Lake (CL) and Barataria Bay (BB) are mid-salinity estuaries which were
comparable in terms of the water clarity and temperature at the time of sampling (Table 3.2). The
carbonate systems were also similar, and characteristic of the well-buffered (high alkalinity)
mesohaline waters found in the Atchafalaya/Mississippi River Plume. Caillou Lake, influenced
by the Atchafalaya River, had a salinity of 12 at the time of sampling. Barataria Bay, which is
influenced by the Mississippi River, had a higher salinity of 16. In both sites, the DIN (NO3- +
NO2-) was below detection, whereas the soluble reactive phosphorous (SRP) was very low but
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still measurable. Phytoplankton biomass was higher in Barataria Bay (28.62 ± 1.32 μg chl a L-1)
than Caillou Lake (10.78 ± 0.75 μg chl a L1). Caillou Lake was higher in silica (81.467 µM)
than Barataria Bay (44.733 µM). The ratio of C:N in Caillou Lake (6.98 ± 0.18) was very close
to Redfield ratio of 6.625, whereas in Barataria Bay the C:N was higher (7.06 ± 1.17), though
still comparable.

Table 3.2. Water quality parameters, and phytoplankton biomass and diversity of field sampling
in Caillou Lake and Barataria Bay, Louisiana. Detection limit for N=1.43 μM, P=0.13 μM.
Averaged n=3 unless otherwise indicated.
GPS coordinates
Date sampled
Major river influence
Temperature (°C)
Salinity
Water column depth (m)
Water clarity (m)
Total alkalinity (μmol kg-1)
DIC (μmol kg-1)
NO2- + NO3- (μM)
NH4 (μM)
PO4 (μM)
Si (μM)
Chl a (μg L-1)
C:N
H Diversity Index

Caillou Lake
29.241100, -90.935333
10-2-2016
Atchafalaya
26.3
12.2
1.8
0.3
1987.65 ± 2.2
1650, n=1
<1.43
4.00 ± 0.071
0.81 ± 0.00
81.467 ±1.81
10.78 ± 0.75
6.98 ± 0.18
0.72 ± 0.08

Barataria Bay
29.271700, -89.963083
9-30-2016
Mississippi
29.6
16.6
2.6
1
2039.34 ± 18.58
1500, n=1
<1.43,
17.49 ± 0.00
0.87 ± 0.00
44.733 ± 0.06
28.62 ± 1.32
7.06 ± 1.17
1.35 ± 0.01

Field phytoplankton communities
The phytoplankton community in Caillou Lake (Figure 3.3) was dominated by a diverse
assemblage of cyanobacteria (~81%), including filamentous cyanobacteria, Microcystis sp.,
Anabaena sp., Raphidiopsis c.f. curvata, Cylindrospermopsis c.f curvispora, and
Cylindrospermopsis c.f raciborskii. The presence of diatoms (~7%) was a mixture of small
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pennate Navicula sp., medium Cylindrotheca closterium (also known as Nitzschia closterium),
and unicellular Chaetoceros c.f simplex. Few dinoflagellates of the Ceratium and
Protoperodinium genus were also observed, making up 4% of the pigment volume. The
nanoflagellates (7%) were unable to be unambiguously identified, though the pigment analysis
suggests they were comprised of chlorophytes and cryptophytes.
The phytoplankton community in Barataria Bay (Figure 3.3) was more diverse. Large
diatoms made up ~31% of the total assemblage, including chain-forming Chaetoceros sp.,
Skeletonema sp., and Thalassionema c.f nitzschioides., as well as Coscinodiscus and
Cylindrotheca closterium. Cyanobacteria represented only 17% of the community, but was a mix
of filamentous cyanobacteria, chains of Anabaena sp., Cylindrospermopsis sp. Microcystis sp.,
and Raphidiopsis sp. Dinoflagellates (~39%) had the most significant contribution to the pigment
volume. The most abundant was identified as Karenia sp., and there was also a small presence of
Prorocentrum minimum. Chlorophytes and cryptophytes also has a substantial presence (~12%),
but were unable to be definitively identified to a lower taxonomic level. Euglenophytes were
microscopically observed in field samples, though not included as a group in the pigment
analysis, as they disappeared quickly after incubation began and have overlapping pigments with
chlorophytes.
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Figure 3.3. Averaged (n=3) percent phytoplankton assemblage composition of Caillou Lake and
Barataria Bay collected from the field for use in incubation, based on pigment data.

Long-term incubation
Once the incubation began, the pCO2 manipulation was successful in creating a lower pH
in the [1000] ppm treatments than the [400] ppm (ANOVA, p<0.001) for both Caillou Lake and
Barataria Bay cultures (Figure 3.4 A, D). Within 2 weeks of incubation, pH levels had already
begun to diverge (avg. pH difference: CL=0.255, BB=0.236), and achieved a distinct separation
after 6 weeks of incubation (avg. pH difference: CL=0.68, BB=0.72). The greatest pH difference
was observed at 10 weeks (avg. pH difference: CL=1.144, BB=1.386), but by weeks 14 and 16
the pH of the cultures began to converge once more.
Total alkalinity (TA) remained within 1800-2000 µmol kg-1 in both pCO2 treatments of
CL and BB cultures for the first 10 weeks of the experiment (Figure 3.4 B, E). Starting at week
12, CL [400] ppm cultures began to gradually decrease to 1400-1600 µmol kg-1 while CL [1000]
ppm cultures remained unchanged. These Caillou Lake trends continued for the remainder of the
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incubation. At week 14, two replicates of the BB [400] cultures dropped dramatically from the
range of 1800-2000 µmol kg-1 to 420 µmol kg-1 and 975 µmol kg-1. The BB [1000] ppm cultures
remained stable, at 1800-2000 µmol kg-1.
Over the course of the incubation, CL [400] ppm cultures achieved a higher biomass
(7.05 ± 9.10 µg chl a L-1) than CL [1000] ppm (6.87 ± 8.97 µg chl a L-1) (ANOVA, p<0.05), but
only at intermittent times (week 4, week 10, week 16) (Figure 3.4, C). Little difference was
observed between control and elevated pCO2 Barataria Bay treatments during the experiment
([400] ppm 4.40 ± 4.85 µg chl a L-1, [1000] ppm 4.41 ± 4.86 µg chl a L-1 (Figure 3.4, F).
Generally, increases in biomass could be seen in response to the monthly nutrient additions; i.e.
biomass 2 weeks after an f/40 addition was higher than the biomass 4 weeks after a nutrient
addition.
The pH of all cultures rose steadily over the course of the experiment while the total
alkalinity dropped, indicating changes in carbonate chemistry may have a relationship to aging of
the cultures. No relationship was identified between biomass and pH (Figure 3.5). The pCO2
manipulation was not the only factor contributing to inorganic carbonate chemistry over the
course of the experiment, as shown by the deviation from target pCO2 (Table 3.3).
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Figure 3.4 Averaged (n=3) pH, total alkalinity, and biomass (chl a) over the course of the
incubation in Caillou Lake cultures (A, B, C) and Barataria Bay cultures (D, E, F). Shaded boxes
indicate the date of an f/40 nutrient addition.
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Figure 3.5. Phytoplankton biomass (chl a) versus the pH of the water in (A) Caillou Lake and
(B) Barataria Bay cultures.
Table 3.3 Inorganic carbon chemistry of the water collected from the field (n=1), from the
intermediate sampling point (n=3), and the terminal sampling point (n=3).

field
intermediate

terminal

CL
BB
CL 400
CL 1000
BB 400
BB 1000
CL 400
CL 1000
BB 400
BB 1000

pCO2 (µatm)
106.00
50.30
7.57 ± 9.31
107.37 ± 148
4.1 ± 1.9
184.6 ± 167.77
2.37 ± 2.84
42.33 ± 36.19
1.93 ± 1.63
10.17 ± 16.57

TA (µmol kg-1)
1985.68
2018.14
1921.91 ± 50.52
1917.642 ±72.82
1862.87 ± 253.79
1794.47 ± 198.85
1473.5 ± 161.02
1877.51 ± 67.64
986.71 ± 571.44
1863 ± 150.27
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pH
8.591
8.794
9.459 ± 0.304
8.785 ± 0.487
9.444 ± 0.143
8.516 ± 0.515
9.864 ± 0.331
10.07 ± 0.15
9.924 ± 0.494
9.647 ± 0.493

DIC (µmol kg-1)
1650.00
1500.00
1092.13 ± 194.22
1451.47 ± 211.25
994.2 ± 86.55
1465.5 ± 406.02
716.67 ± 221.21
1300 ± 312.41
453.33 ± 342.69
964.067 ± 322.32

Phytoplankton succession
During the first 16-18 days of incubation, pigment samples were taken at more frequent
time intervals in order to elucidate the initial response of the assemblages collected from the field
to culture conditions. In this case, the replicates (n=3) were averaged due to uniformity (Figure
3.8). Though a pH difference had been established by the end of the first 2 weeks of incubation,
there was virtually no difference in the community structure between [400] and [1000] ppm
treatments in either startup assemblage. Between weeks 2 and 4, the response of each individual
culture diverged. From the end of the first month forward, the monthly pigment data was
analyzed separately for each replicate, in order to highlight the multiple transient states created
within each pCO2 treatment.
Caillou Lake
Over the first week of incubation, the taxonomic structure of all Caillou Lake
assemblages was unchanged. By the end of the second week, both [400] ppm and [1000] ppm
cultures had increased in diatoms and chlorophytes while decreasing in cyanobacteria (Figure
3.6, A-B). Between weeks 2 and 4, all 6 Caillou Lake cultures continued increasing in diatoms
and decreasing in cyanobacteria, but each replicate did so to varying degrees (Figure 3.7). At the
end of the 4th week, two CL [400] ppm replicates had reached a diatom maximum of 84%
(Figure 3.7, B, C) while one was more evenly divided between diatoms (44%) and cyanobacteria
(47%) (Figure 3.7, A). By week 4, only one [1000] ppm replicate reached 86% diatoms, while
the other two were at 42% diatoms and 20% diatoms. While 5 out of 6 cultures maintained a
steady volume of chlorophytes between 6-15%, a spike of 38% was observed in one CL [1000]
ppm replicate (Figure 3.7, F). Diatoms peaked at week 4 (Figure 3.7 B, C, D, E) or week 8
(Figure 3.7 A, F), and C:N concentration rose or plateaued.
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At the intermediate sampling point after 8 weeks of incubation, the CL [400] ppm
cultures were dominated by diatoms (62-68%), mostly C. cloisterum (106 cells L-1) and Navicula
sp. (105-106 cells L-1). Cyanobacteria, while only 28-35% of the total assemblage, was still a
diverse mixture of filamentous cyanobacteria (106 to 107 cells L-1) and Microcystis sp. (106 cells
L-1), Notably, one CL [400] replicate also contained blooms of small centric diatoms (5x106 cells
L-1) and chain forming Anabaena sp. (3x106 cells L-1), corresponding with a sharp spike in C:N
to 10.1 (Figure 3.7 B).
At the intermediate sampling period, diatoms represented a lesser percentage (33-45%) of
CL [1000] ppm assemblages, but the taxonomic composition was also predominately C.
cloisterum (105 to 107 cells L-1) and Navicula sp. (105-106 cells L-1). Cyanobacteria (27-57% of
the total assemblage) was mostly filamentous (106 to 107 cells L-1), and only one CL [1000] ppm
replicate had notable presence of Microcystis (2.8x106 cells L-1). C:N ranged from 6.2 to 10.1 in
[400] ppm cultures and from 7.2 to 10.2 in [1000] ppm cultures.
At week 12, all CL [400] ppm cultures had rapidly decreased in percent diatoms and
increased in percent cyanobacteria. The CL [1000] ppm cultures also began to decrease in
percent diatoms, though the trend was more gradual, as they had not achieved as high a
maximum during intermediate phase. All 6 cultures decreased or plateaued in C:N ratio.
After 16 weeks of incubation, 5 out of 6 terminal assemblages were taken over by
filamentous cyanobacteria (107 to 108 cells L-1). The most notable deviation was in one [400]
ppm replicate, which was the only culture to remain dominated by diatoms (77%), experiencing
a bloom of C. simplex (107 cells L-1) and maintaining a presence of Navicula sp. (2x105 cells L-1)
(Figure 3.7 A). While C. cloisterum disappeared from all [400] ppm cultures, it persisted in 2 out
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of 3 [1000] ppm cultures in lesser amounts (104, 105 cells L-1). The C:N ratio ranged between
6.9-8.5 in [400] ppm cultures, and 5.1-7.3 in [1000] ppm cultures.
Barataria Bay
Barataria Bay assemblages began changing after only 4 days (Figure 3.6, C-D). Over the
first 18 days of incubation, all 6 Barataria Bay cultures observed a linear increase in relative
percent diatoms, while cyanobacteria and dinoflagellates decreased and chlorophytes stayed
constant (Figure 3.6). Over the first 4 weeks of incubation, diatoms increased from 35% to 6885% in 5 out of 6 Barataria Bay assemblages (Figure 3.8). One BB [400] ppm and one BB
[1000] ppm replicate experienced increases of total percent dinoflagellates (Figure 3.8 C, E).
Between week 4 and week 8 (the intermediate sampling period), BB [400] ppm cultures
decreased slightly to 60-75% diatoms (Figure 3.8, A-C), while all BB [1000] cultures continued
increasing, achieving a higher total percent diatoms of 90-95% (Figure 3.8, D-F). Microscopic
observation shows intermediate phase diatoms blooms were dominated by C. closterium in both
[400] ppm cultures (104-107 cells L-1) and 1000 ppm cultures (106-107 cells L-1). Diatom blooms
in both control and elevated pCO2 treatment were also comprised of Navicula spp. (104-105 cells
L-1). Cyanobacteria in 5 out of 6 cultures was filamentous (106-107 cells L-1). One BB [400]
replicate also had high numbers of Anabaena sp. (9x107 cells L-1). One replicate of BB [1000]
contained almost exclusively C. cloisterum (7x107 cells L-1) and Anabaena sp. (108 cells L-1).
Also, large C. cloisterum cells developed in another BB [1000] ppm replicate (Figure 3.10).
During intermediate sampling, the C:N achieved the highest value seen over the course of the
experiment in either Caillou Lake or Barataria Bay assemblages. Two BB [1000] ppm treatments
reached C:N peaks of 12 and 18 (Figure 3.8, D, F), while all other cultures remained in the range
of 5-10 for the entire incubation.
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At the terminal sampling after 16 weeks of incubation, 5 out of 6 cultures were
dominated by diatoms (64-83%), a mix of chain forming diatoms (107-108 cells L-1) and small
pennate Navicula sp. (104-106 cells L-1). C. closterium persisted (104-105 cells L-1) in 2 of the 3
[1000] ppm treatments at terminal sampling. The 3rd [1000] ppm replicate showed 80%
dominance by dinoflagellates at the terminal phase (Figure 3.8, F). While an increased presence
of Karenia sp. was noted under the microscope (measuring 7.3x104 cells L-1), it is likely that the
total biomass in this replicate was too low to give an accurate representation of the taxonomic
composition via pigment analysis.
MDS Plots and Diversity Indices
The pigment analysis provided data on the abundance of the five major taxonomic groups
(diatoms, cyanobacteria, dinoflagellates, chlorophytes, and cryptophytes). In addition to the bar
graphs showing relative contributions of each group to the total assemblage, pigment data was
used to create multidimensional scaling plots and calculate diversity indices. Multidimensional
scaling (MDS) plots had an overlaid cluster analysis grouping the startup, intermediate, and
terminal phytoplankton assemblages by 60% and 80% similarity. As MDS is based on total and
not relative abundance, the results yield different insight into the similarity of the assemblages.
Finally, two diversity indices were calculated. Both the Shannon-Wiener (H) and Simpson Index
(1-D) take into account the evenness and richness of the five broad taxonomic classes based off
pigment data. Of course, none of these fully account for the diversity that existed within a major
taxonomic class.
Caillou Lake startup (A) assemblages are very clearly grouped together, but radiate out
by the intermediate (B) sampling period (Figure 3.11, A). Two out of 3 [400] ppm intermediate
assemblages are within 60% similarity to their startup community, while only 1 out of 3
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intermediate [1000] ppm cultures had a composition within 60% similarity of the startup.
However, 2 out of 3 terminal [1000] ppm assemblages were within 60% similarity of the startup,
while only 1 of the terminal [400] ppm replicates was 60% similar to the startup. In conclusion,
[400] ppm cultures were more likely to resemble the startup assemblages at the intermediate
phase, while [1000] ppm cultures were more likely to resemble startup assemblages at terminal
sampling.
MDS plots of Barataria Bay startup, intermediate, and terminal assemblages yielded
different results (Figure 3.11, B). Not all of the startup assemblages were within 80% similarity,
which is likely due to the 4 day lag time between field collection and the official commencement
of the incubation. Two out of 3 intermediate phase [1000] ppm treatments and 1 intermediate
[400] ppm replicate remained within 60% similarity of the startup community, while the others
radiated out. However, 4 out of 6 terminal assemblages (split evenly between [400] ppm and
[1000] ppm treatments) were within 60% similarity of the. In this instance, terminal assemblages
were more similar to startup assemblages than intermediate phases, with no distinction between
pCO2 treatments.
Both H and 1-D diversity indices display clear but opposite trends between the response
of the [400] ppm and [1000] ppm cultures in the two startup communities. Over the first four
weeks, CL [1000] ppm cultures decreased in diversity while CL [400] ppm cultures remained the
same (Figure 3.12, A). Between weeks 4 and 8 this pattern switched: CL [1000] ppm cultures
increased in diversity by intermediate sampling and maintained a higher diversity through week
12. CL [400] ppm cultures began rising at the intermediate phase, and surpassed CL [1000] ppm
cultures in diversity between week 12 and terminal sampling at week 16.
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On the other hand, BB [1000] ppm treatments rose in diversity over the first month of
incubation and peaked at week 4 before dropping sharply by intermediate phase (Figure 3.12, B).
[1000] ppm cultures maintained a lower diversity through week 12, but began to rise again,
converging with [400] ppm cultures after 16 weeks at terminal sampling. Interestingly, startup
and terminal diversity was similar in both pCO2 treatments in assemblages from both sites.
Overall, diversity was more variable in the [1000] ppm cultures of both Caillou Lake and
Barataria Bay.

Figure 3.6. Initial succession of the phytoplankton assemblages over the first 16-18 days in (A)
Caillou Lake [400] ppm, (B) Caillou Lake [1000] ppm, (C) Barataria Bay [400] ppm, and (D)
Barataria Bay [1000] ppm cultures.
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Figure 3.7. The succession of Caillou Lake (CL) phytoplankton assemblages at (A-C) [400] ppm
and (D-F) [1000] ppm pCO2 levels. Boxes indicate the randomly selected [400] ppm and [1000]
ppm replicates to be represented with a collage of microscope pictures.
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Figure 3.8. The succession of Barataria Bay (BB) phytoplankton assemblages at (A-C) [400]
ppm and (D-F) [1000] ppm pCO2 levels. Boxes indicate the randomly selected [400] ppm and
[1000] ppm replicates to be represented with a collage of microscope pictures.
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Figure 3.9. Collage of microscope pictures from select replicates in the Caillou Lake
assemblages at the startup (week 0), intermediate (week 8) and terminal (week 16) sampling
points.
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Figure 3.10. Collage of microscope pictures from select replicates in the Barataria Bay
assemblages at the startup (week 0), intermediate (week 8) and terminal (week 16) sampling
points.
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Figure 3.11. MDS plot of (A) Caillou Lake and (B) Barataria Bay phytoplankton assemblages
based off Bray-Curtis similarity calculated from pigment data. Overlay clusters based on groupaverage are super imposed on the plot of 60% (solid lines) and 80% (dashed lines) similarity.
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Figure 3.12. Diversity indices of the Caillou Lake (CL) and Barataria Bay (BB) phytoplankton
assemblages over the course of the 16-week incubation. (A) CL Shannon Weiner (H) Index, (B)
CL Simpson (1-D) Index, (C) BB H-Index, (D) BB 1-D Index.
Nutrient consumption
All cultures were tested for inorganic nutrients at two midpoints of the experiment,
directly after a nutrient addition (week 10) and 4 weeks later (week 14). Results show that NO3and SRP completely disappeared after one month of incubation but silica remained (Table 3.4).
At week 12, Caillou Lake assemblages were transitioning from diatom to cyanobacterial
dominance, while Barataria Bay assemblages were generally increasing in total percent diatoms.
In the field, SRP was at a low but measurable concentration, indicating that incubation created a
different competitive dynamic than that which the assemblages experienced at the time of
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collection. Though the biomass (chl a) was less than or equal to the value measured in the field,
the cultures appeared more limited by nutrients.

Table 3.4 DIN (NO3- + NO2), Ammonium (NH4+), Soluble Reactive Phosphorous (SRP), and
dissolved silica from the field, and measured during the incubation directly after a nutrient
addition (week 10) and four weeks later (week 14).

NO3- + NO2
(µM)
NH4+
(µM)
SRP
(µM)
Silica
(µM)
Chl a
(µg L-1)

Field
Week 10
Week 14
Field
Week 10
Week 14
Field
Week 10
Week 14
Field
Week 10
Week 14
Field
Week 10
Week 14

Caillou Lake
[400] ppm
[1000] ppm
<1.43
42.84 ± 2.86 41.41 ± 1.43
<1.43
<1.43
4.00 ± 0.07
6.43 ± 0.00
3.57 ± 2.14
7.14 ± 2.14
6.43 ± 0.71
0.81 ± 0.00
1.29 ±0.32
0.97 ± 0.00
<0.13
<0.13
81.47 ± 1.81
45.86 ± 7.89 15. 29 ± 4.28
58.26 ± 36.66 2.03 ± 1.34
10.78 ± 0.75
12.00 ± 20.50 2.13 ± 0.64
9.56 ± 11.09 5.15 ± 3.79

Barataria Bay
[400] ppm
[1000] ppm
<1.43
41.41 ± 1.43
64.97 ± 28.56
<1.43
<1.43
17.49 ± 0.00
14.99 ± 3.57
11.42 ± 2.86
13.56 ± 2.14
12.14 ± 2.14
0.87 ± 0.00
1.29 ± 0.00
1.29 ± 1.29
<0.13
<0.13
44.73 ± 0.06
29.40 ± 16.00 13.72 ± 3.35
31.44 ± 18.66 16.06 ± 10.86
28.62 ± 1.32
4.32 ± 5.04
3.12 ± 4.37
2.67 ± 1.48
0.73 ± 0.56

Trace elements
Trace metal nutrients iron (Fe), nickel (Ni), copper (Cu), manganese (Mn), zinc (Zn),
cadmium (Cd) and cobalt (Co) were measured in the field and at the terminal sampling point
(Figure 3.13). Trace metals were a component of f/40 nutrient additions over the course of
incubation. As a result, Ni, Cu, Cd, and Co were present in a higher amount in both Caillou Lake
and Barataria Bay cultures than in the field (Figure 3.13, C, D, G, H). In Caillou Lake, the
average biomass of [400] ppm cultures was higher than that of the [1000] ppm cultures (Figure
3.15, A) which may attribute to the discrepancy seen in concentration of micronutrients (such as

93

Fe) between the two pCO2 treatments. In Barataria Bay the biomass was comparable (Figure
3.15, A), yet the average concentration of Ni, Cu, Cd, and Co was higher in [1000] ppm cultures
than [400] ppm (Figure 3.15, C, D, G, H). The data set was not robust enough for a student’s ttest, though this interesting trend warrants further study.
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Figure 3.13. Averaged (n=3) concentration of trace metals in water collected from the field and
at the terminal sampling point of the incubation.
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DISCUSSION
Natural phytoplankton assemblages exposed to elevated pCO2 experienced multiple
transitional states over the course of a 16-week incubation. Two distinct phytoplankton
assemblages were utilized, collected from Louisiana estuaries Caillou Lake (CL) and Barataria
Bay (BB). Sampling occurred during the fall, a period of low river flow with primary production
supported by storm-driven nutrient resuspension. Caillou Lake is part of the prograding
Atchafalaya deltaic system, with 98% of its freshwater coming from the river (Denes and
Bayley, 1983). As river input peaks in spring and is at a minimum in fall, the water chemistry
varies seasonally. In early fall the salinity was 12, indicating above average precipitation made
up for the seasonal river discharge minimum (NOAA National Climate Report). Drainage from
the surrounding tributaries after the flooding event in Louisiana in August 2016 probably also
contributed to the low salinity (Watson et al., 2017). Barataria Bay is a degrading delta in the
Mississippi River Plume, which receives relatively little riverine input. Water chemistry in lower
Barataria is more driven by tides and gulf water levels than seasonality (Madden et al., 1988),
and is consequently a more brackish and stable environment. In Caillou Lake and Barataria Bay,
nitrates were below detection and phosphates were nearly equal. Barataria had double the
ammonium concentration of Caillou Lake, potentially from fertilizer runoff or remineralization.
These physiochemical factors played a role dictating the unique structure of the phytoplankton
assemblage.
Each taxonomic class of phytoplankton varies in their competitive capabilities and
ecological role, so community structure is not fixed, even in a particular area. Diatoms tend to
dominate when silica is abundant (Officer & Ryther, 1980), and their large cell size make them
particularly efficient in the process of sequestering carbon (Allen et al., 2005). Interestingly,

96

though BB had half the amount of dissolved silica as CL, it had over twice the total biomass and
three times the relative percent diatoms. However, DIN was below detection at both sites.
Cyanobacteria often possess the ability to fix atmospheric nitrogen, and are not thus uninhibited
by an aqueous absence (Allen & Arnon, 1955). In this situation, it’s likely that Caillou Lake was
nitrogen-limited, promoting cyanobacterial dominance (80%) over the expected diatoms.
Barataria Bay was a rich mix of diatoms (31%), cyanobacteria (17%), and dinoflagellates (39%).
Dinoflagellates are not great competitors for inorganic nutrients (Smayda & Reynolds, 2003), but
many consume both organic and inorganic nutrients to make up for this (Litchman &
Klausmeier, 2008; Smayda, 1997), perhaps giving them an advantage in the Barataria Bay field
assemblage.
The focus of this experiment was observing a community-level response to different
inorganic carbonate systems. The pCO2 manipulation was successful in generating distinct pH
values between treatments. It should be noted that startup cultures were at a pH of 8.5-8.7, near
the upper end of the normal range reported from field studies (Guo et al., 2012). Four 14 weeks,
[1000] ppm (elevated pCO2) treatments remained within the range of pH 8 to pH 9, while [400]
ppm (control) cultures rose from 9 to 10. Rising pH over the course of the experiment was also
observed in previous microcosm studies (Engel et al., 2005), indicating that the inorganic carbon
chemistry is influenced by more than just the introduction of pCO2 enriched air via bubbling. It
was expected that as biological activity would influence the pH of the water, resulting from the
conversion of inorganic carbon to an organic form during photosynthesis, but no significant
relationship between the pH of the water and the biomass of phytoplankton cultures was
observed during our experiments. The factors contributing to rising pH over time are still poorly
understood, but may be attributed to nutrient levels and bacterial activity (Peixoto et al., 2013).
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Taxa vary in their physiological acquisition of inorganic carbon through use of a carbon
concentrating mechanism (CCM), which uptakes HCO3- (Tortell et al., 2000). Regulation of the
CCM is also dependent on the availability of light, nutrients, and trace metals (Raven &
Johnston, 1991). As CO2 and HCO3- are the main sources of inorganic carbon for phytoplankton,
carbon may sometimes be a limiting nutrient (Riebesell et al., 1993). The converse of this
concept suggests that elevated pCO2 would encourage an increase in algal biomass, and is
supported by recent studies showing enhanced overall biomass and primary production in
acidified phytoplankton communities (Sommer et al., 2017; Taucher et al., 2017). However, in
this study pCO2 had no positive effect on the biomass of Caillou Lake or Barataria Bay cultures.
Other research observed similar results in which elevated pCO2 incited no significant change in
gross primary production, net community production, particulate and dissolved carbon
production, or growth rates (Maugendre et al., 2015; Tortell et al., 2002). It seems that elevated
pCO2 does not implicitly catalyze an increase in phytoplankton biomass, contradicting the
generalization that increased available carbon will drive algal blooms.
Measure of biomass alone doesn’t account for changes in species composition. CO2driven shifts in the taxonomic structure of phytoplankton assemblages may occur without notable
change to total primary productivity or biomass (Tortell et al., 2002). In this study, control
cultures of Caillou Lake had a higher biomass than acidified treatments at times, while there was
no difference in Barataria Bay cultures. This suggests changes in biomass may be a function of
species-specific responses within the different startup communities. Monthly f/40 nutrient
additions over the course of the 16-week incubation changed the availability of critical nutrients
(N, P) as well as trace elements (Fe, Ni, Cu). This created a different competitive dynamic during
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incubation than would have been experienced in the field at the time of collection, and likely
played a role dictating community structure.
The phytoplankton community collected from Caillou Lake was dominated by an
assortment of cyanobacteria, while Barataria Bay was an even more diverse mixture of diatoms,
dinoflagellates, cyanobacteria, and nanoflagellates. Over the first week of incubation, the
taxonomic structure of all Caillou Lake assemblages was unchanged. In contrast, Barataria Bay
assemblages began changing after only four days. Over the course of the 16-week incubation,
[400] ppm and [1000] ppm treatments in both Caillou Lake and Barataria Bay assemblages
followed the same general parabolic successional pattern. Over the first 4-8 weeks they increased
in relative percent diatoms, reaching a maximum at the intermediate stage, and then from weeks
8 to 16 transitioned to the startup community structure. By the end of the 16-week incubation, 10
out of the 12 cultures had a community structure analogous to that of the startup phytoplankton
assemblage collected from the field. This finding supports conclusions by Eggers et al. (2014),
who suggest that the initial ratio between major taxonomic classes is the main driver behind
community structure, even at different pH levels. This trend suggests adaptation, and was only
observed because of the 16-week time frame.
In theory, changes in the relative contribution of major taxonomic groups should be more
important in terms of ecological and biogeochemical function than genus or species levels shifts.
However, individual species can also play unique roles in their communities. While pigment data
alone showcased a parabolic trend that made it appear that the assemblages returned to their
startup community after 16 weeks of incubation, microscopic observations reveals this may not
entirely be the case. For example, Caillou Lake assemblages were initially comprised of a
diverse mixture of cyanobacteria, including Microcystis, Anabaena, Cylindrospermopsis, and
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Raphidiopsis. Intermediate assemblages, while greatly decreased in the total percent
cyanobacteria due to diatoms blooms, contained similar cyanobacterial diversity. The total
percent cyanobacteria increased again such that terminal assemblages contained a similar relative
biovolume of cyanobacteria to the startup community. However, it was comprised of a singular
species of filamentous cyanobacteria.
Even considering only taxonomic class, past community studies show variable and often
conflicting responses to elevated pCO2. For example, several species of chlorophytes increased
at increased pCO2 (Yang & Gao, 2003), or are favored over cyanobacteria and diatoms in a
community setting (Low-Decarie et al., 2011; Taucher et al., 2017). However, Verschoor et al.
(2013) found that cyanobacteria benefitted over chlorophytes while Bermúdez et al. (2016) noted
that chlorophytes decreased overall at elevated pCO2. In this study, an increase in chlorophytes
was observed in one CL [1000] replicate after 4 weeks of incubation, but no distinctive response
was seen in any of the other 5 elevated pCO2 treatments. In another instance, Eggers et al. (2014)
found that increased CO2 selected for large diatoms like Chaetoceros sp. and Thalassiosira
constrica. While these species were present in the Barataria Bay startup community, they
disappeared in both BB [400] and BB [1000] ppm cultures. Nonetheless, all Barataria Bay
elevated pCO2 treatments did achieve higher diatom maxima than the controls; at the
intermediate phase diatoms were 60-75% of BB [400] ppm cultures, but 89-95% of BB [1000]
ppm cultures.
One diatom species, Cylindrotheca cloisterum, distinguished itself during succession by
blooming in all 12 Caillou Lake and Barataria Bay cultures at the intermediate sampling period.
The concentration of C. cloisterum was 7x106 ± 1.2x107 cells L -1 in [400] ppm cultures and
1.74x107 ± 2.95x107 cells L -1 in [1000] ppm treatments. Unusually large, misshapen cells were
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observed in two [1000] ppm cultures, one from Caillou Lake and the other Barataria Bay. Their
unique appearance may be attributed to an increase in the secretion of mucilage, which attracted
agglomerations of small (< 2 µm) algae. This phenomenon was observed in response to a
different stressor; Najdek et al. (2005) found that intrusions of high salinity water caused
hyperproduction of mucilage in C. cloisterum cells. C. cloisterum has been known to thrive in
nutrient-unbalanced systems (Alcoverro et al., 2000), such as the N limited/ Si abundant
microcosm setup created during this incubation. It can maintain a competitive advantage under a
range of pH values; in a community study (Pedersen & Hansen, 2003) found that in water of pH
8-8.5, 3 species of diatoms were numerous (C. cloisterum, Cerataulina pelagica, and
Leptocylindrus minimus), but only C. closterium was present at pH 9 - 9.5. The pH of the [400]
ppm cultures was in the same range, from 9.1 to 9.6, at the time of intermediate sampling. While
C. cloisterum disappeared from 5 out of 6 [400] ppm cultures in both Caillou Lake and Barataria
Bay, it persisted (though at a decreased number, 104-105) in 4 out of 6 [1000] ppm cultures. At
terminal sampling the pH ranged from 9.4-10.3 in control cultures and 9.1-10.1 in elevated pCO2
cultures. The control cultures may have reached a pH above the tolerance range for this species.
Phytoplankton play an important role supplying energy to higher trophic levels, and
changes in taxonomic composition may impact their nutritional value. The C:N ratio gives
insight into metabolic activity and nitrogen uptake, and may have biogeochemical implications.
Riebesell et al. (2007) found that C:N ratios at low CO2 were comparable to the Redfield ratio
(6.6), while at high CO2 they rose to 8.0. In our study, notable C:N spikes of 12 and 18 were
observed in two BB [1000] ppm cultures. As a general trend both [400] ppm and [1000] ppm
cultures from Caillou Lake and Barataria Bay experienced intermediate maxima of C:N 8-10
before decreasing to startup values (6-7) by the terminal sampling period. Other research shows
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C:N varies in response to pCO2, though not uniformly between a species (Burkhardt et al., 1999;
Tortell, 2000). Since different phytoplankton taxa are characterized by different stoichiometry
under nutrient-replete conditions (Geider & La Roche, 2002), in this case C:N may have a
relationship to diatom abundance, as they both achieve intermediate maxima. Higher C:N ratios
would increase the magnitude of carbon sequestration, and could prove to be a negative feedback
mechanism balancing increasing atmospheric pCO2. However, high C:N is also indicative of
nutrient limitation, and a lower C:N ratio may also be indicative of better nutritional value
available to primary consumers. The role that pCO2 plays in the elemental composition of
phytoplankton, and its deviation from the Redfield ratio, should continue to be a priority in new
research.
An interesting feedback loop to consider is the relationship between phytoplankton and
trace metal concentrations at elevated pCO2. Not only does the abundance of trace metals
influence productivity and species composition of phytoplankton communities, but the algae also
control the distribution of trace metals (Sunda, 2012). The pH of seawater may alter the chemical
speciation and dissolved concentrations of certain metals, like copper (Graneli & Haraldsson,
1993; Kester, 1986). Likewise, acidification has been shown to decrease the rate of iron uptake
in diatoms and coccolithophores (Shi et al., 2010). Higher amount of certain trace elements (Ni,
Cu, Cd, Co) were observed in [1000] ppm BB cultures than [400] ppm cultures, despite having
comparable biomass. This dynamic warrants further study.
In creating a long-term data set, the importance of extended phytoplankton studies
becomes apparent. For example, Nielsen et al. (2010) noted a lack of response of coastal
plankton communities to increased free CO2 and low pH after 14 days. They prescribed the
nonresponse to the large diurnal and seasonal pH fluctuations typical of their study site, which
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may have created pH-tolerant algal species. This study indicates that 10 to 14 day sampling
periods may not have been long enough in which to observe a response. After the initial two
weeks of incubation, a pH difference had already been established in [400] and [1000] ppm
Caillou Lake and Barataria Bay cultures, yet there was virtually no difference in the community
structure between treatments in either estuarine assemblage. Nutrients were added after 2 weeks,
and by week 4 of incubation each assemblage had diverged in taxonomic composition. At the
intermediate sampling period (week 8), Caillou Lake and Barataria Bay observed opposite
responses between their [400] ppm and [1000] ppm cultures. In Caillou Lake assemblages, all
three [400] ppm replicates had similar taxonomic structures (60% diatoms, 30% cyanobacteria,
0.5% dinoflagellates, 3% chlorophytes), while [1000] ppm replicates saw individual increases in
dinoflagellates (to 20%) or chlorophytes (10%, 23%) that made them more diverse. In Barataria
Bay assemblages, two [400] ppm cultures had analogous structures (75% diatoms, 9%
cyanobacteria, 9% dinoflagellates, 6% chlorophytes) while the 3rd was 18% chlorophytes and
only 60% cyanobacteria. The BB [1000] ppm cultures were less diverse because they were
composed of 90-95% diatoms. Even though the cultures were so different at 8 weeks, by
terminal sampling the majority had returned to their startup compositions, dominated by
cyanobacteria in Caillou Lake and diatoms in Barataria Bay. This return to the initial community
structure was only observed after 14-16 weeks of incubation, indicating that phytoplankton may
show evidence of adaptive evolution to elevated pCO2 exposure during long term experiments.
Future studies should continue to explore the synergistic effect of low pH and other
environmental variables such as nutrients, salinity, and temperature. While certain areas, like
coastal Louisiana, may be accustomed to acute low pH exposure, elevated pCO2 could increase
sensitivity towards other environmental factors. Growth and community composition have been
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shown to be jointly affected by pCO2 and nutrient addition (Low-Décarie et al., 2015), but
elevated temperature may be a stronger driver of community composition than acidification
(Hare et al., 2007). Alternatively, in a case where warmer water increased phytoplankton cell
size, the effect was offset by elevated pCO2 (Sommer et al., 2015). Results from short-term or
single-factor studies may not necessarily be representative of phytoplankton response in the long
term. In the longest study reviewed, Rasconi et al. (2017) found that over the course of an 8
month incubation, elevated and fluctuating temperature resulted in lower growth of larger
species, also decreasing diversity and evenness as cyanobacteria and chlorophytes gained
dominance. Extending the length of incubation experiments and incorporating multiple factors
allows for more comprehensive predictions for life in a changing climate.
Minute spatial variations mean there is no uniform pattern for phytoplankton community
structure among estuaries. Estuaries habitually fluctuate across a wide range of physiochemical
parameters, but anthropogenic influence may shift the boundary conditions. When combined
with eutrophication or warming sea surface temperature, elevated pCO2 may drive estuaries to
experience more frequent and intense pH extremes, changing taxonomic composition by giving a
competitive advantage of phytoplankton that thrive under those specific conditions (Hinga,
2002). This is difficult to predict, because the responses of species within a major taxonomic
class vary. In a long-term, community level microcosm study, one thing made clear is that there
is no deterministic response in biomass, community structure, or C:N dictated by elevated pCO2.
On the contrary, comparison between different startup communities and past studies suggests
that results from one area may not be generalized to other coastal ecosystems. Current climate
change models amalgamating response to increased pCO2 by plankton functional types may not
truly be representative.
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CHAPTER 4
EXPOSING LOUISIANA OYSTERS TO ELEVATED CO2 DURING
EARLY LARVAL DEVELOPMENT: A PILOT STUDY

SUMMARY
Anthropogenic input of carbon dioxide (CO2) has an increasingly acidifying effect on the
world’s oceans. Calcifying organisms are particularly at vulnerable to pH stress, but those
originating from naturally fluctuating coastal regions may be more resilient. In this pilot study,
Crassostrea virginica oyster larvae native to Louisiana estuaries were exposed to acidified
conditions, providing preliminary data on the response of an economically value species to an
imminent environmental stressor. In both the control and elevated CO2 treatment, larvae
experienced nearly identical hatch rates of 39.82 ± 2.51% and 39.82 ± 8.65%, respectively. The
day-to-day survival rate did not differ significantly as a function of pH or total abundance, which
decreased steadily over the course of the experiment. C. virginica larvae grew slowly over the
course of the experiment; oysters in the control group grew from 68.25 ±3.55 μm on day 1 to
71.52 ±2.26 μm on the day 5, while larvae cultured at [1000] ppm CO2 grew from 67.85 ± 3.55
μm on day 1 to 71.38 ± 2.83 μm on the final day. There was no difference in daily growth rate or
terminal size between the control and elevated CO2 treatment. Preliminary results suggest pH
alone may not significantly impact survival or growth rate during early larval development of C.
virginica. This could be attributed to a regional genetic predisposition to tolerate diurnal and
seasonal pH fluctuation. Further studies should incorporate salinity with elevated CO2 to better
understand if these stressors have an interactive effect, which may be used to inform
stakeholders in control of management decisions.
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INTRODUCTION
Since the industrial revolution, combustion of fossil fuels has increased the atmospheric
concentration of carbon dioxide (CO2) by nearly 40% (Doney, 2010). The Intergovernmental
Panel on Climate Change (IPCC) predicts that by the end of the century, the amount of CO2 in
the air could double again (Solomon, 2007). Ongoing injection of this greenhouse gas into the
environment has the power to influence earth’s climate, both directly and indirectly.
Approximately 30% of CO2 from the atmosphere diffuses into seawater (Sabine et al., 2004) and
subsequently alters the other parameters of the oceanic inorganic carbonate system: pH, total
alkalinity (TA), and dissolved inorganic carbon (DIC). Increasing CO2 in the ocean reacts with
H2O to form carbonic acid (H2CO3), which releases hydrogen ions (H+) as it further dissociates.
Increasing concentration of H+ ions lowers the pH of water in a phenomenon known as ocean
acidification. In the next century, the pH of the oceans could decrease 0.4 units (Caldeira &
Wickett, 2003).
Decreased pH incites further changes in chemical reactions by shifting conditions under
which reactions occur (Feely et al., 2004). For example, excess CO2 drives H+ ions in the water
to bond with carbonate (CO32-), forming bicarbonate (HCO3-) (equation 1). This prohibits the
formation of calcium carbonate (CaCO3) by reducing the amount of CO32- available to join with
calcium (Ca2+) (equation 2).
CO2 + H2O + CO32Ca2+ (aq) + CO32- (aq)

2HCO3CaCO3 (solid)

(1)
(2)

Dissociation of CaCO3 is reflected in its saturation state (Ω), a proxy for the facility with
which shell-building organism can utilize the compound (Miller et al., 2009). CaCO3 forms two
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biogenic polymorphs: calcite and aragonite. A reduction in CO32- decreases the saturation state of
both calcite (Ωcal) and aragonite (Ωarg) (equations 3 and 4, where K*spx is the solubility constant).
Ω = [Ca2+] [CO32-] / K*spcal

(3)

Ω = [Ca2+] [CO32-] / K*sparg

(4)

Calcifiers thrive when the aragonite saturation state is above 3, but models predict
tropical surface waters will reduce in Ωarg from 4.0 ± 0.2 to 2.8 ± 0.2 by 2100 (Kleypas et al.,
1999). In polar oceans, Ωarg may even fall below 1 by the middle of the century (Feely et al.,
2004), at which point aragonite structures begin to dissolve. Crossing either of these stressful
thresholds will undoubtedly have implications for calcifying organisms, but the intricacies of
their response to the changing physiochemical environment are still being explored.
The consequences of climate change for life in the ocean are complex, particularly when
considering multiple system drivers. Decreasing pH and Ω will occur concurrently with
warming temperatures, rising sea level, increasing stratification, changing circulation patterns,
shifting salinity regimes, and more. Even when focused on a single factor, biological predictions
must take into account the fact that species exhibit a wide range of responses, there is often
inconsistency between similar species, and all populations possess the potential for adaptation
(Blackford, 2010). An ever-growing body of research has been dedicated to how decreasing pH
will affect both organisms and ecosystems (Hendriks et al., 2010; Kroeker et al., 2013), with
recognition that response can be highly individual (Dupont et al., 2010; Ries et al., 2009).
Much of ocean acidification research features organisms utilizing CaCO3 for shell or
skeletal components of their bodies, known as calcifiers. Decreased calcification rates have been
well documented in tropical scleractinian corals (Hoegh-Guldberg et al., 2007), phytoplankton
like foraminifera and coccolithophores (Riebesell et al., 2000), and molluscs (Gazeau et al.,

115

2013; Orr et al., 2005). Many invertebrates undergo a meroplanktonic larval stage, during which
they are particularly vulnerable to acidification due to their calcification strategy (Kurihara,
2008). Bivalves present an ideal example. Larvae of the European Flat Oyster Ostrea edulis
primarily utilize aragonite to build their shells during metamorphosis (when they are referred to
as D-stage larvae) before gradually transitioning to calcite after settlement (Medaković et al.,
1997). As aragonite is more soluble than calcite and becomes undersaturated more quickly, this
leaves larval organisms at highest risk during the beginning stage of their life cycle.
Bivalves are a popular food item for humans, so the fate of economically valuable species
is particularly concerning. Past research has demonstrated a multitude of negative consequences
to elevated CO2 exposure in bivalves, including increased mortality, decreased calcification and
growth rate, and delayed development (Beniash et al., 2010; Kurihara et al., 2007; Miller et al.,
2009; Talmage & Gobler, 2009). Reductions in growth and delayed metamorphosis are likely the
result of a limited energy budget reserved for CaCO3 precipitation (Waldbusser et al., 2013).
Smaller individuals with weaker shells are easier targets for predation, further decreasing the
overall percentage that might achieve settlement (Sanford et al., 2014). Physiological problems
resulting from stressors on developing larvae may persist throughout the juvenile phase and even
be magnified in adulthood (Hettinger et al., 2012).
Ocean acidification could have a major thinning effect on both wild and cultured bivalve
populations. One of the most popular markets in the United States is for oysters, including both
the Pacific Oyster (Crassostrea gigas) and Eastern Oyster (Crassostrea virginica). Response to
low pH may differ between species, but also vary intraspecifically depending on their origin. C.
virginica inhabits a broad latitudinal distribution of nearly 9000 km (Figure 4.1), and local
populations distinguish themselves in growth and reproductive strategies. Oysters found in the
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northern Gulf of Mexico grow faster, reach sexual maturity sooner, and spawn more frequently
than their northern counterparts (Hayes & Menzel, 1981). Regional implications are worth
distinguishing due to their unique economic and ecological roles.

Figure 4.1. A map created by the Gulf States Marine Fisheries Commission (Commission, 1991)
showing the distribution of Crassostrea virginica in North America, with bold lines indicating
the native range along the eastern seaboard and hatched lines representing introduced areas along
the west coast.
The Gulf of Mexico boasts the world’s highest contemporary oyster catch (Beck et al.,
2011) (Figure 4.2). With four million estuarine acres, Louisiana claims the largest area of oyster
producing space in the Gulf (Commission, 1991). The Louisiana oyster industry generates $317
million annually and supplies over 4,000 jobs (LS. 2015). Additionally, oyster reefs sequester
carbon, stabilize intertidal areas, provide water filtration, and also offer habitat for benthic
organisms (Coen et al., 2007; Grabowski et al., 2007). These ecosystem services ultimately
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increase fisheries yields, protect the coastline from erosion and storm surge, and reduce the
impacts of harmful algal blooms. Oyster populations already face threats from commercial
exploitation, habitat loss, disease, eutrophication, and hypoxia (Beck et al., 2011). Identifying the
extent to which acidification in Louisiana would negatively impact oysters is therefore critical.

Figure 4.2. Regional contributions to the total U.S oyster landings (all species) from 1950-2009,
from Gulf States Marine Fisheries Commission/ NMFS.

However, coastal Louisiana is a mixing zone in constant physiochemical fluctuation,
each variation impacting regional inorganic carbon chemistry (Wanninkhof et al., 2015). This
instability makes the extent and consequences of acidification difficult to predict. In estuaries,
pH varies as a function of salinity, alkalinity, nutrient input, production, respiration, calcification,
and degradation of organic matter. Input from the Mississippi River has a direct influence on
salinity, alkalinity, and nutrients, but changes in accordance with rainfall, land use, and river
diversions (Keul et al., 2010), thus making the interactive effects of these environmental
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variables more complicated. For example, C. virginica is sensitive to salinity fluctuations, and
oyster harvests have been negatively correlated with diversion events like the opening of the
Bonnet Carré spillway (Turner, 2006). Low salinity has additionally been shown to exacerbate
acidification-induced oyster mortality (Dickinson et al., 2012). Therefore, regional integration of
multiple factors is needed.
There is evidence that bivalve larvae native to fluctuating environments could be more
resilient in a higher CO2 world (Frieder et al., 2014). Parker et al. (2012) demonstrated that adult
exposure to elevated CO2 during reproductive conditioning even had positive carry-over effects
on larvae. Ginger et al. (2013) hypothesized that some populations of C. gigas have a preexisting ability to survive in a high range of pH environments, making larvae more resistant to
increased CO2. Recent studies have continued to explore this connection with variable results;
Keppel et al. (2016) showed that diel cycles of hypoxia and/or acidification may allow oyster
larvae to compensate for initial reductions in growth, while Clark and Gobler (2016) indicated
that intermittent diurnal exposure to low pH never truly mitigated growth decreases and
developmental delays.
We seek to expand upon this research by studying the impact of elevated CO2 on C.
virginica larvae, quantifying growth and survival during early larval development. This study is
unique in that larvae were spawned from Louisiana broodstock, which may possess an innate
ability to thrive in variable pH. Additionally, larval culture was conducted in Louisiana water,
which is distinct in its salinity-alkalinity combination. Results from these baseline trials may
open the door to future research concerning regional performance of this commercially valuable
species in an acidified world. Improved understanding of oyster response to an imminent
environmental stressor may aid in conservation of both cultured and wild populations.
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MATERIALS AND METHODS
In order to study the effects of acidification on early larval development, D-stage (early
veliger) oysters were cultured for 6 days in microcosms bubbled with air corresponding to [400]
ppm (current) and [1000] ppm (future) partial pressure of carbon dioxide (pCO2), based upon
concentrations predicted by the IPCC for the end of the century (IPCC 2007).
Hatchery System and Experimental Setup
Experiments were conducted at the Sea Grant Oyster Research Laboratory of the Michael
C. Voisin Oyster Hatchery (Figure 4.3), located on Grand Isle, Louisiana at the western terminus
of Bayou Rigaud in Barataria Bay (29.238306, -90.003083). Raw water was pumped directly
from the Bay and filtered through 20 μm nominal pore size before being stored in an 8000-gallon
tank. It was then polished with a propeller bead filter to achieve 10 μm nominal, foam
fractionated, and dosed with soda ash (sodium bicarbonate) to achieve a pH of 8.25. Water from
the storage tank was distributed throughout the hatchery through a 1 μm filter.
Two 50-gallon drums were filled with water from the hatchery that had been filtered to1
μm. The inorganic carbonate chemistry of the water was manipulated by gently bubbling with
working class certified AirGas mixtures representing present-day conditions of [400] ppm CO2
and levels predicted by the IPCC for the end of the century of [1000] ppm CO2 (Figure 4.4).
Water in the drums was continuously bubbled for one week prior to the beginning of the
experiment. As maintaining larval oysters requires frequent water changes, these 50-gallon
drums acted as reservoirs from which water was drawn to replenish the cultures throughout the
experiment (Figure 4.4). As water was removed from the reservoirs, they were immediately
refilled and allowed to bubble for an additional 48 hours prior to the next withdrawal.
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Figure. 4.3. The Sea Grant Oyster Research Lab in lower Barataria Bay, Louisiana.

Figure 4.4. The inorganic carbon chemistry manipulation design. CO2 concentrations [400] ppm
(control) and [1000] ppm (elevated) were achieved through continuous bubbling.
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Carbonate Chemistry
The carbonate chemistry of the water was monitored by taking daily pH and total
alkalinity (TA) measurements from both the reservoirs and the culturing units. pH was measured
prior to feeding using a Mettler-Toledo S220 SevenCompact pH/Ion meter fitted with a InLab
Reach Pro-225 pH electrode with temperature and reference probe. The meter was calibrated
daily using 3-points, the 4.01, 7, and 10.01 standards from Orion Application Solution.
Total alkalinity was taken from water that had passed through the 35 μm screen, poisoned
with supersaturated 0.02% mercuric chloride (HgCl2) and stored in the refrigerator until analysis.
TA was then measured using a modified procedure based off Dickson et al. (2007) SOP 3b
open-cell titration. Temperature, pH, and electromotive force (e.m.f) were measured using
Thermo Electron Corporation Orion 370 pH/Ion meter. Using a Schott Titroline easy, samples
were titrated with 0.097 N hydrochloric acid (HCl) to achieve a pH of 3.5, allowed to de-gas for
3 minutes, then titrated step-wise at 20 second intervals in 0.05 mL increments until pH 3.0,
creating a Gran Line. The final value for TA was converted from potentiometric data using the
SeaCarb program (http://CRAN.R-project.org/package=seacarb) in RStudio
(http://www.rstudio.com/).To validate accuracy in the technique, certified reference material
(CRM batch #158) was obtained from Dr. Andrew Dickson (University of California San Diego,
Scripps Institute of Oceanography), run during each analytic session, and experimental values
confirmed to be within 5% of the standard.
All other carbonate system parameters were calculated using the CO2SYS Excel
program (http://cdiac.ornl.gov/ftp/co2sys/) adapted by Pierrot et al. (2006) using dissociation
constants from Mehrbach (1973), refit by Dickson and Millero (1987), Dickson (1990), and
Uppström (1974).
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Larval Culture
Brood stock originating from Lake Calcasieu, Louisiana were collected in April 2016 and
maintained in off bottom culture cages at Louisiana Sea Grant’s Grand Isle oyster research lab.
Selected brood stock were first checked for ripeness, determined by the visibility of the genital
canals, then placed upon a spawning table and thermally induced with 34°C water. As males and
females began to spawn, they were isolated in Pyrex dishes, so as to control the timing of sperm
and egg combination (Figure 4.5, A, B). After mixture of the gametes, fertilized eggs were
allowed to develop for two hours before inoculating the pre-conditioned treatment buckets with
100 eggs mL-1. After 48 hours, larvae had progressed from trochophore to early veliger (Dstage), and were restocked at 50% of their current concentration to achieve culture standards of
10 larvae mL-1.
D-stage C. virginica larvae were maintained in 15 L polyethylene culturing vessels, 3
controls and 3 at elevated CO2 (Figure 4.4). Culturing units were filled with preconditioned
water from the reservoirs and continuously bubbled with air through fine glass frits at the target
CO2 concentrations designed to manipulate pH. Beginning 24 hours after spawning, larvae were
fed 40,000 cells mL-1 algal blend of Tisochrysis lutea, Isochrysis galbana, Chaetoceros
calcitrans, Chaetoceros muelleri, and Pavlova lutheri, commonly used in bivalve aquaculture to
provide a well-balanced diet (Breese & Malouf, 1975). Every other day, 90% of the water in the
treatment vessels was drained through a 35 μm screen and gently rinsed into a beaker of
preconditioned water. The vessels were then cleaned and refilled with 15 L of new water from
the reservoirs, and the larvae resuspended within fifteen minutes. The bottom 10% of the vessel
was discarded in order to waste and debris. Subsamples taken for microscopic analysis were
fixed with 70% ethanol.

123

Sampling and quantification of larval abundance and size
Each day, a known volume from each culturing vessel was filtered through a 35 μm
screen and the larvae resuspended in 50 mL preconditioned water. From this volume, three 100
μL aliquots were taken for larval counts while the sample was being continuously mixed to
eliminate bias from aggregation. Under microscopic magnification, these 3 aliquots were
counted in their entirety, averaged and used to extrapolate stocking density. Length was
measured with an ocular micrometer across the longest part of the shell (n=20 from each of 3
replicates) (Figure 4.5, C). The experiment lasted a total of 6 days.

Figure 4.5. A) Male and B) female broodstock were thermally induced to spawn and isolated to
control the time of sperm and egg combination. C) Resulting larvae were measured across the
longest part of the shell to measure size and determine growth.

Data Analysis
A priori power analysis was used to determine that the given sample size was sufficient
to observe a moderate effect. To determine the effect of CO2 on pH, abundance, survival rate,
size, and growth, separate 2 way Analysis of Variance (ANOVA) tests were performed with CO2
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as a fixed factor. A Pearson’s correlation test was used to determine the relationship between
survival rate and pH fluctuation. Significance was considered as a p value < 0.05. All analyses
were performed in R Studio.

RESULTS
Daily pH measurements (Figure 4.6) show that the experiment was successful in creating
significantly different carbonate systems between the control and the elevated CO2/acidified
treatment (ANOVA, p < 0.001), described in Table 4.1 as the average of replicates over the
course of the 6-day trial. The control, bubbled with air at a target pCO2 of [400] ppm,
maintained a relatively steady pH of 8.474 ± 0.044 and aragonite saturation state Ωarag of 6.03 ±
0.53. The elevated CO2 treatment, bubbled with air at a target pCO2 of [1000] ppm, averaged
<0.1 pH unit lower (~25% more acidic) than the control at 8.318 ± 0.117. The average Ωarag was
also significantly lower, at 4.57 ± 0.90. Salinity, temperature, and total alkalinity did not vary
significantly at any point between the control and acidified treatment. Though the daily pH
measurements were consistently lower in the [1000] ppm cultures, the pH varied daily due to the
water replacement necessitated by experimental design, with one replicate experiencing a
maximum overnight fluctuation of 0.356.
In both the control and elevated CO2 treatment, larvae experienced nearly identical hatch
rates of ~40% (39.82 ± 2.51% and 39.82 ± 8.65% respectively) (Figure 4.7). After initial
mortality, the survival rate increased in both treatments, ranging between 55-80% for days 2, 3,
and 4, but sharply decreased on day 5, forcing termination of the experiment. The day-to-day
survival rate did not differ significantly as a function of pH or total abundance, which decreased
steadily over the course of the experiment. There was a positive correlation between daily pH
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fluctuation and survival rate of controls (Pearson correlation, p< 0.05), but not the [1000] ppm
treatment (Figure 4.8).
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Figure 4.6. Averaged (n=3) (± SD) pH in [400] ppm (control) and [1000] ppm (elevated CO2)
treatment over the course of the 6-day exposure.
Table 4.1. Mean (±SD) water quality over the course of 6-day C. virginica larval culture, n=3.
Target pCO2 (ppm)
fCO2
pH
Ωcal
Ωarag
DIC (μmol L-1)
CO32- (μmol L-1)
TA (μmol L-1)
Salinity
Temperature (°C)

Control
400
184.96 ± 23.91
8.474 ± 0.044
10.04 ± 0.89
6.03 ± 0.53
2179.78 ±73.66
348.00 ± 29.46
2593.30 ± 87.74
14.20 ± 0.41
26.89 ± 0.74

Elevated
1000
294.37 ± 123.20
8.318 ± 0.117
7.60 ± 1.50
4.57 ± 0.90
2206.51 ± 137.19
263.71 ± 51.64
2517.64 ± 128.99
14.40 ± 0.83
26.95 ± 0.60
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Figure 4.7. Averaged (n=3) total abundance of C. virginica larvae cultured at [400] ppm
(control) and [1000] ppm (elevated CO2) over the course of the 5 day pilot study.

Surviving C. virginica larvae grew significantly over the course of the experiment
(ANOVA, p=0) (Figure 4.9). Larval oysters in the [400] ppm treatments grew from 68.25 ± 3.55
μm on day 1 to 71.52 ± 2.26 μm on the day 5. Larvae cultured in [1000] ppm CO2 grew from
67.85 ± 3.55 μm on day 1 to 71.38 ± 2.83 μm on day 5. There was no significant difference in
daily growth rate or average terminal size between the control and elevated CO2 treatment.
However, the minimum size of larvae from the [1000] ppm treatment was smaller than [400]
ppm minimum at each sampling point. The maximum size of [1000] ppm larvae was also smaller
than the maximum size [400] ppm larvae on days 1 and 3, though they were equivalent on day 5.
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Figure 4.8. C. virginica survival rates versus pH over the course of the 6-day exposure.

Figure 4.9. C. virginica larvae length at control [400] ppm and elevated [1000] ppm CO2
treatment on the beginning, middle, and final days of the trial (n=60 individuals measured).
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DISCUSSION
Larval oyster tolerance to low pH appears to be species and population specific, and was
previously unstudied in Louisiana’s Eastern Oyster, Crassostrea virginica. We found no
difference in the survival or early growth of C. virginica between control and elevated CO2
treatments. Culturing larvae at [1000] ppm did not incite discrepancies in total abundance,
survival rate, average larval size, or growth rate when compared with [400] ppm. Though
Louisiana oyster larvae seemed not to be affected by pH depression or variation when compared
to the control, total larval abundance was very low by the 5th day of culture, forcing termination
of the experiment. Growth rates in both control and elevated CO2 treatment, while approximately
equal, were lower than hatchery standards.
This pilot study was intended to establish a methodology for culturing larval oysters
under differential CO2 concentrations, identifying pitfalls and proposing rectifications for future
experiments. The data collected, abundance and size, is considered a rudimentary metric by
which to evaluate larval oyster success under culture. Nevertheless, preliminary results may
allow some speculation as to how the data could fit in to the context of what is known about
larval oyster development under elevated CO2.
Our preliminary data does not contradict the notion that oyster larvae from Louisiana
estuaries may possess an innate tolerance to low and fluctuating pH, perhaps from parental
exposure to high variation in the wild. Local oysters live and reproduce in brackish coastal areas
influenced by the Mississippi-Atchafalaya river network, where pH varies naturally on a daily or
even hourly basis. There are only a handful of studies that examine the regional inorganic carbon
chemistry, and how it varies by season or along salinity gradients (Guo et al., 2012; Keul et al.,
2010; Wang et al., 2013; Wanninkhof et al., 2015). Guo et al. (2012) found that, in the
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Mississippi River plume, distributions of surface water pH was lowest at low salinities (7.91),
peaked at mid salinities (8.10–8.74), and began decreasing in offshore waters (8.20–8.26). The
pH dipped below 8.0 in all seasons, indicating larval oysters are habitually exposed to low pH in
the wild. In this experimental oyster culture, the CO2 manipulation did successfully generate a
lower pH in the elevated CO2 treatment. However, the pH of all culture water was generally
high; control treatments ranged from 8.409 to 8.546, while the pH of elevated CO2 groups fell
between 8.039 and 8.440. Along the same lines, Keul et al. (2010) reported a median field
aragonite saturation (Ωarag) value of 4.3, nearly equivalent to the average Ωarag value in elevated
CO2 treatments of 4.57 ± 0.90. Thus, even the elevated CO2 treatment experienced a pH and
Ωarag within the range of what they would experience at mid salinities in the field.
The inability to generate a sizeable pH discrepancy between treatments was likely
because the system design was not gas tight, allowing ambient air to leak in to the headspace of
the treatment vessels. It may also be partly attributed to the high temperature and alkalinity of
Louisiana water. According to hatchery standards, water temperature was heated to between 2628°C to promote growth, which has the side effect of decreasing the solubility of dissolved
gases. Furthermore, the water used in culture was highly buffered and resistant to pH
manipulation. Water from the Mississippi deltaic system generally has a high total alkalinity,
atypical for mesohaline environments. Water pumped in from Bayou Rigaud and used during the
experiment had a salinity between 14-15 psu and total alkalinity in the range of 2300 to 2700
µmol kg-1. TA variance may be ascribed to the hatchery’s protocol of adding sodium
bicarbonate. Barataria Bay’s salinity-alkalinity combination sets the water chemistry apart from
other acidification studies of C. virginica (Table 4.2). Miller et al. (2009) drew natural bay water
from Maryland and Delaware and diluted it with deionized water until achieving a salinity of 18
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psu, resulting in TA on the order of 1200-1300 µmol kg-1 (Table 4.2). Talmage and Gobler
(2009) cultured larvae in water of salinity 28 ± 1.0 psu and TA between 1900-2030 µmol kg-1
(Table 4.2). The elevated CO2 if a globally observed phenomenon, its manifestation under
different conditions will indubitably have an impact on larval response.
Table 4.2. Water chemistry of the elevated CO2 treatment used in C. virginica culture for the
present study (n=3), Miller et al. (2009) (n=3), and Talmage & Gobler (2009) (n=4).
Present study

Miller et al. (2009)

Location

Barataria Bay, LA

Temperature (°C)
Salinity (psu)
Total alkalinity
(µmol kg-1)
Target pCO2
pH
Ωarag

26.95 ± 0.60
14.40 ± 0.83
2518 ± 129

Subepuxent Bay, MD
and Delaware Bay,
DE
25
18.2 ± 0.04
1289 ± 15.7

1000
8.318 ± 0.117
4.57 ± 0.90

800
7.76 ± 0.006
0.6 ± 0.01

Talmage & Gobler
(2009)
Shinnecock Bay, NY

24.0 ± 0.51
28 ± 1.0
1961 ± 39.2
~1500
7.5 ± 0.012
0.92 ± 0.032

Unique and variable water chemistry notwithstanding, predicting the response of
Louisiana’s oysters to rising CO2 is complex. The word “response” quantifies performance by
the major traits that ensure ecological success of a species, namely survival, growth, and
reproduction (Melzner et al., 2009). Understanding an oyster’s capacity for adaptation is hinged
on a detailed knowledge of their physiology, specifically the ontogenetic and life history
strategies that may lead to an increased tolerance of elevated CO2.
While acute exposure to low pH generates a negative physiological response in some C.
virginica larvae, others may be able to maintain homeostasis by redirecting their energy
investment. This reflects their capacity for acclimation, or reaction norm. Eastern Oysters are
sessile organisms whose natural range spans thousands of latitudinal miles of highly stressful
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fluctuating ecosystems. They possess a phenotypic plasticity that lends itself to high adaptive
potential. In this case, adaptation may be understood as the evolutionary rate at which a
population responds to acidification-induced selection pressures (Sunday et al., 2011). Given that
acidification occurs at an incremental rate (outside of a lab), resilience seems possible, if not
likely.
Future considerations
The influence of chronic exposure happens on a molecular level. Transcriptome studies
of Crassostrea gigas reveal an extensive set of genes that respond to environmental stress
(Zhang et al., 2012). There may be a genetic correlation between tolerance to low pH and other
traits (Kelly & Hofmann, 2013), as multiple sources of selection act on resilience. For example,
20 years of selective breeding of the Sydney rock oyster Saccostrea glomerata promoted fast
growth and disease resistance, while inadvertently resulting in low pH tolerance (Parker et al.,
2012). This suggest that multiple environmental stressors, including elevated CO2, may be
mediated by the same intracellular system.
Multigenerational studies testing the effect of chronic exposure to elevated CO2 are rare,
but offer insight on the extent to which populations will evolve with the changing climate. The
carryover effects that arise across a generation are known as transgenerational plasticity. Ross et
al. (2016) reported that in six out of seven studies, this phenotypic response mechanism was
observed in larval offspring. They hypothesized that parents resilience may buffer negative
effects for multiple generations, allowing genetic adaptation to occur. Indeed, a recent
transgenerational study by Goncalves et al. (2016) found that exposing oysters to elevated CO2
induced significant, but contrasting changes in the regulation patterns of stress-linked genes
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between breeding lines, with effects being more pronounced in oysters from a selectively bred
parents.
Resilience may be cultivated in offspring through multiple pathways. Parker et al. (2011)
showed that larvae spawned from adults conditioned to high CO2 developed faster and were
larger than those from ambient CO2, though survival was similar. This maternal investment
strategy indicates adults combat environmental stress by increasing energy investment and
therefore the size of their offspring, giving larvae a competitive advantage by reducing the
amount of time they must spend in the water column before settlement. Alternatively, Moulin et
al. (2011) proposed that better performance of spermatozoa leads to increased fertilization
success of urchins from unstable intertidal areas when compared with their subtidal counterparts.
However, a tolerance of low pH doesn’t necessarily exempt pH stress from exacerbating
other factors, like temperature, salinity, dissolved oxygen (DO), disease, and food limitation.
Rodolfo-Metalpa et al. (2011) found that the synergistic effects of low pH and warmer
temperatures decreased gross calcification in mussel Mytilus edulis to a greater degree than low
pH alone. Dickinson et al. (2012) demonstrated that survival, growth, energy status and shell
mechanical properties of larval C. virginica were most negatively impacted under compounded
high CO2 and low salinity. Macey et al. (2008) found low DO and low pH adversely affect the
ability of C. virginica to increase bacteriostasis, indicating that oysters in hypoxic and
hypercapnic conditions could pose a greater risk for harboring harmful bacteria like Vibrio
campbellii. Hettinger et al. (2013) saw the detrimental effects of low pH in C. gigas mitigated
by increased nutrition. However, the future availability and quality of their phytoplankton food
source is unknown. Acidification-induced mortality of C. virginica would have resounding
ecological, economic, and cultural impacts, and merits further study as to how it may be
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moderated. The same characteristic that makes predicting the future inorganic carbonate system
in the Mississippi River plume difficult may prove to be the local oyster’s saving grace:
variation.
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CHAPTER 5
IMPACTS OF COASTAL ACIDIFICATION ON LOUISIANA PLANKTON:
CONCLUSIONS

Coastal Louisiana is an area at the forefront of climate change. While sea level rise and
global warming have been the focus of much local research (Ericson et al., 2006; Penland &
Ramsey, 1990; Thomson et al., 2001), regional impacts of acidification have been unstudied.
Estuaries in the Mississippi-Atchafalaya plume are characterized by high productivity, which
supports a large commercial market for the Eastern Oyster, Crassostrea virginica. As global
atmospheric carbon dioxide (CO2) concentrations rise, predicting the future for local estuaries
and their planktonic communities is difficult. Increasing the amount of inorganic carbon
available for phytoplankton could increase primary production and carbon sequestration, creating
a negative feedback. On the other hand, elevated pCO2 decreases CO32- and aragonite saturation
(Ωarag), making precipitation of calcium carbonate (CaCO3) more difficult for oysters,
particularly during their larval phase.
Seasonal fluvial input and water temperature are the dominant forces affecting
phytoplankton biomass and community composition, and oyster growth and reproduction.
During the spring, the Mississippi River and its tributaries experience increased flow due to
snow meltwater and runoff, bringing an influx of inorganic nutrients (Rabalais et al., 1996;
Turner & Rabalais, 2004). Once the water is warm enough, high phytoplankton biomass is
observed (Sklar & Turner, 1981), dominated by diatoms and chlorophytes as they are superior
competitors under high nutrients and turbid water conditions (Riekenberg et al., 2015). At the
same time, warm temperatures and increased availability of food trigger a spring oyster
spawning event. During the summer, cyanobacteria can dominate in the nutrient-depleted, warm,
stable water column due to their ability to fix nitrogen (Joehnk et al., 2008; Paerl & Huisman,
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2008). Oysters suspend reproduction during the summer months, but continue to feed and grow.
In the fall, phytoplankton increase again in response to nutrient resuspension (Randall & Day,
1987) and oysters experience a second spawning triggered by fall phytoplankton blooms (Hayes
& Menzel, 1981), though the reproductive season is limited by food supply (Hofmann et al.,
1992).
Estuaries in the Atchafalaya system (Four League Bay (FB) and Caillou Lake (CL))
experience considerable seasonal variation in freshwater and nutrient input, while lower
Barataria Bay (BB) receives little freshwater from the Mississippi River and is a more stable,
saline environment (Madden et al., 1988). In this study, phytoplankton assemblages were
collected during the spring and fall from one Atchafalaya-influenced and one Mississippiinfluenced field site for use in microcosm exposure to elevated pCO2 conditions for 16-weeks.
Fall and spring phytoplankton assemblages from the two estuaries often diverged in their
response to increased pCO2, likely engendered by the species-specific responses within the
different startup communities.
Spring phytoplankton in Four League Bay were predominately diatoms (~42%) and
cyanobacteria (~51%), with only a small presence (<10%) of nanoflagellates. The spring
assemblage in Barataria Bay was a more diverse mix of diatoms (~50%), cyanobacteria (25%),
dinoflagellates (~11%) and nanoflagellates (~14%). FB [1000] ppm cultures increased in
chlorophytes at week 4, but this was the only distinction among the general trend in which all
microcosms increased in diatom abundance during intermediate sampling before transitioning to
cyanobacteria. By the end of the incubation, cyanobacteria accounted for an average of ~85% of
Four League Bay assemblages and an average of ~65% of BB assemblages. Algal biomass was
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significantly higher in BB [1000] ppm treatments than the controls, but there was no difference
in chl a concentration between pCO2 levels in Four League Bay cultures.
Despite abundant dissolved silica, the fall phytoplankton community in Caillou Lake was
dominated by cyanobacteria (~81%) likely due to a nitrogen limitation. The phytoplankton
assemblage from Barataria Bay was a rich mix of diatoms (31%), cyanobacteria (17%),
dinoflagellates (39%) and nanoflagellates (12%). Generally, fall assemblages from both Caillou
Lake and Barataria Bay [400] ppm and [1000] ppm cultures experienced a parabolic succession,
in that intermediate assemblages were dominated by diatoms, but transitioned back to a
taxonomic structure analogous to that of their respective startup assemblages by terminal
sampling. This indicates that adaptation over the 16-week incubation enabled the initial ratio
between major taxonomic classes to be a stronger driver of community structure than pCO2
level, which did not hold true for species-specific response. The multiple transitional states
created during incubation demonstrate that there is no deterministic pathway for phytoplankton
in either biomass or taxonomic dominance in a high pCO2 world.
For the first time, C. virginica oyster larvae native to Louisiana estuaries were exposed to
acidified conditions. In both the control and elevated pCO2 treatment, larvae experienced nearly
identical hatch rates and day-to-day survival rates, and there was no difference in daily growth
rate or terminal size. Though preliminary results suggest pH alone may not significantly impact
survival or growth rate during early larval development of C. virginica, future studies should
incorporate salinity with elevated pCO2 to better understand if these stressors have an interactive
effect. Louisiana’s high baseline alkalinity, created by riverine input, makes it so that elevated
pCO2 is unlikely to drop Ωarag below a functional level for calcification. The abundance of
phytoplankton may offer sufficient nutritional value to lessen the negative influence of increased
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pCO2 (Hettinger et al., 2013), but this is not the only way that phytoplankton may mediate the
impacts of coastal acidification. By the end of both fall and spring trials, the pH of both [400]
ppm and [1000] ppm cultures had risen from 8-8.5 to 10. It seems that the microcosms
experiments mimicked the effects of eutrophication, which models have shown to create a
negative feedback loop offsetting the effects of coastal acidification (Borgesa & Gypensb, 2010).
Eutrophication in Louisiana estuaries may counteract pH changes caused by elevated pCO2,
maintaining favorable conditions for calcifying oysters.
In summary, spring phytoplankton assemblages increased in diatoms over the first 8
weeks, but after 14 weeks of incubation transitioned to cyanobacterial dominance regardless of
pCO2 level, potentially due a nutrient imbalance limiting nitrogen availability. Fall
phytoplankton assemblages also increased in diatoms over the first 8 weeks, but after 14 weeks
returned to their original community structure, showing evidence of adaptation to elevated pCO2
exposure. Resilience was also observed during early larval oyster development, as D-stage C.
virginica survived and grew at the same rate in control and elevated pCO2 cultures.
Spring and fall phytoplankton blooms, in conjunction with water temperature, are critical
in dictating the timing of oyster spawning (Hofmann et al., 1992). Even though phytoplankton
communities and larval oysters may be able to adapt individually to elevated pCO2 over time,
their trophic relationship may still be affected, as climate change has the potential to uncouple
established cyclical patterns (Durant et al., 2007). When low pH is compounded with seasonal
salinity, temperature, and nutrient variations, it has the potential to influence the phytoplankton
community during a critical oyster spawning time, creating a mismatch. In Louisiana, coastal
acidification could affect the success of larval oysters by changing the availability and quality of
its food source, phytoplankton.
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APPENDIX I: CHAPTER III
IMPACTS OF ELEVATED PCO2 ON ESTUARINE PHYTOPLANKTON BIOMASS,
COMMUNITY STRUCTURE, AND NUTRITIONAL VALUE

FATTY ACID EXTRACTION
Theory
Elevated pCO2/low pH may induce biochemical and taxonomic changes to phytoplankton
communities, also changing the overall nutritional content available for consumption.
Phytoplankton nutritional value is associated with their relative fatty acid (FA) content, as
ingested fats provide essential energy directly to primary consumers in the form of
polyunsaturated fatty acids (PUFAs). Thus far, there isn’t clear evidence for a direct effect of
ocean acidification on fatty acid composition, either of individual species (King et al., 2015) or
on communities (Leu et al., 2013). In this experiment, an analysis was conducted but not
included in the main chapter due to sample storage and insufficient biovolume.
Fatty acid extraction procedure
A fatty acid extraction procedure was developed using a modified Folch procedure (Folch
et al., 1957) based off the methods by (Rossoll et al., 2012). To collect samples, as high a
biovolume of phytoplankton possible was filtered onto pre-combusted GF/F filters, placed in a
20 mL glass scintillation vial, and frozen at -20°C. Samples remained frozen until analysis.
The first step in the extraction procedure was to add 3 mL solvent mixture (1:1:1
dichloromethane:methanol:chloroform) to each sample, making sure the filter was entirely
submerged. Samples were left overnight in the refrigerator. The next day, the filter was removed
and discarded. To each sample, 1 mL of the esterification control (surrogate/spike, 10 ppm C23
FA standard tricosanoic acid in hexane, Matreya LLC) was added. Next, 3 mL of potassium
chloride (KCl, c=1 mol L-1) were added. Samples were shaken vigorously and left for five
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minutes to allow the layers to separate. Using a separate glass Pasteur pipet for each sample, the
water soluble top layer was removed and discarded. Approximately 1 mL of solid sodium sulfate
(NaSO4) was then added to the remaining solution, to facilitate drying. Afterwards, the solvent
was evaporated to dryness with the nitrogen evaporator N-EVAP 111, also known as an N2
blowdown system. Because of the speed at which evaporation occurred, no water bath was
necessary to elevate the temperature of the liquid. To redissolve, 2 mL of chloroform were added
to each sample. The solvent was then transferred to a new 20 mL glass scintillation vial using
separate glass Pasteur pipets, leaving behind any NaSO4 precipitate, which was discarded. Again,
the solvent was evaporated to dryness under N2 blowdown. To perform esterification, 200 µl of
1% sulfuric acid (H2SO4) in methanol (CH3OH) and 100 µl toluene were added to each sample.
Samples were left overnight at 50 °C in oven, with open tops loosely covered with aluminum
foil.
The next day, phases were split by adding 1 mL of 5% sodium chloride (NaCl) solution
and 1 mL hexane to each sample. The organic top layer was transferred to a new, smaller 2 mL
vial, and the bottom layer discarded. Samples were again evaporated to dryness under N2
blowdown. Next, 200 µl of hexane were added to each sample. The solvent was transferred one
final time to a 2 mL amber crimp-top vial fit with 250 µl glass insert (Restek). Samples were
capped and crimped shut. At this stage, samples can be stored indefinitely.
Before gas chromatography, both a system calibration standard (Food Industry FAME
Mix, 37 components, Restek) and internal standard (FAME #1 Mix, 5 components, Restek)
should be added.
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PIGMENT RATIO SELECTION FOR USE IN CHEMTAX PROGRAM
The CHEMTAX V1.95 (CHEMical TAXonomy) algorithm
(http://gcmd.nasa.gov/records/AADC_CHEMTAX.html) was used to calculate the prevalence of
dominant phytoplankton taxa based on the abundance of photopigment chemical marker
compounds. After filtration in the lab, samples were frozen at -20 °C before being sent to the
HPLC Photopigment Analysis Facility at University of South Carolina. Diagnostic pigments
were identified by High Performance Liquid Chromatography (HPLC) following Pinckney et al.
(1998). The following accessory pigments were recognized: chl a, chl b, chc3, peridinin, 199butfucoxanthin, fucoxanthin, 199-hexfucoxanthin, neoxanthin, violaxanthin, prasinoxanthin,
diadinoxanthin, alloxanthin, diatoxanthin, lutein, and zeaxanthin. The relative contributions
cyanobacteria, chlorophytes, dinoflagellates, cryptophytes, and diatoms to the total chl a
abundance (Mackey et al., 1996), assuming the ratio of each accessory pigment remains constant
within the assemblage from each field site. Based upon an input ratio matrix, the CHEMTAX
program calculates the biovolume of each respective taxonomic group. The ratio should be
selected based on published region-specific pigment ratios (Lewitus et al., 2005), ideally an
ecosystem with similar salinity and temperature regimes. In this experiment matrices were
obtained from Zhao and Quigg (2014), and binned by field site and pCO2 level during analysis.
Ratios were verified by comparing the relative percent contributions of diatoms and
cyanobacteria to the summation of the biovolume of two broad taxonomic classes. Using an
Axio Observer -A1 inverted microscope (Axiovert 135, Zeiss), the abundance of diatom and
cyanobacteria cells were counted on gridded Sedgewick-Rafter slides and scaled to cells L-1. The
biovolume of an algal type (e.g. ellipsoid) was computed using similar geometric models
according to Sun and Liu (2003). All samples from field, intermediate (11-28-16) and terminal
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(1-25-17) sampling points were analyzed. Proportions calculated from microscopic data (M) in
Caillou Lake (CL) and Barataria Bay (BB) samples were compared to those determined through
the CHEMTAX program using three different ratio matrices: Zhao and Quigg (2014), Lewitus et
al. (2005), and Schlüter et al. (2000). Based upon the pigment graphs generated, the ratio from
Zhao and Quigg (2014) was selected as a best fit. Though they include euglenophytes in the ratio
matrix, they were excluded from the present study. Euglenophytes were observed only in the
field samples from Barataria Bay, but due to overlapping pigments (neoxanthin, zeaxanthin) with
chlorophytes (Wright et al., 2005).

A1.1 The relative proportion of diatoms and cyanobacteria, as represented by percent of the total
(diatom + cyanobacteria) for field samples taken from Caillou Lake (CL) and Barataria Bay
(BB). M= microscopic observation, Z= ratio matrix from Zhao and Quigg (2014), L= ratio
matrix from Lewitus et al. (2005), S= ratio matrix from Schluter et al. (2000).
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A1.2 The relative proportion of diatoms and cyanobacteria, as represented by percent of the total
(diatom + cyanobacteria) for Caillou Lake Week 8 (A) [400] ppm (B) [1000] ppm and Week 16
(C) [400] ppm (D) [1000] ppm. M= microscopic observation, Z= ratio matrix from Zhao and
Quigg (2014), L= ratio matrix from Lewitus et al. (2005), S= ratio matrix from Schluter et al.
(2000).
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A1.3 The relative proportion of diatoms and cyanobacteria, as represented by percent of the total
(diatom + cyanobacteria) for Barataria Bay Week 8 (A) [400] ppm (B) [1000] ppm and Week 16
(C) [400] ppm (D) [1000] ppm. M= microscopic observation, Z= ratio matrix from Zhao and
Quigg (2014), L= ratio matrix from Lewitus et al. (2005), S= ratio matrix from Schluter et al.
(2000).
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CARBON CHEMISTRY AND PHYTOPLANKTON BIOMASS OF REPLICATED
EXPERIMENTAL MICROCOSMS

A1.4. pH of Caillou Lake microcosm cultures at (A-C) [400] ppm and (D-F) [1000] ppm pCO2
levels.
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A1.5. pH of Barataria Bay microcosm cultures at (A-C) [400] ppm and (D-F) [1000] ppm pCO2
levels.
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A1.6 Total alkalinity of Caillou Lake microcosm cultures at (A-C) [400] ppm and (D-F) [1000]
ppm pCO2 levels.
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A1.7 Total alkalinity of Barataria Bay microcosm cultures at (A-C) [400] ppm and (D-F) [1000]
ppm pCO2 levels.
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A1.8 Phytoplankton biomass (chl a) of Caillou Lake microcosm cultures at (A-C) [400] ppm and
(D-F) [1000] ppm pCO2 levels. Shaded bars represent f/40 nutrient additions.
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A1.9 Phytoplankton biomass (chl a) of Barataria Bay microcosm cultures at (A-C) [400] ppm
and (D-F) [1000] ppm pCO2 levels. Shaded bars represent f/40 nutrient additions.
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APPENDIX II: CHAPTER IV
EXPOSING LOUISIANA OYSTERS TO ELEVATED CO2 DURING
EARLY LARVAL DEVELOPMENT: A PILOT STUDY
TRACE METAL CONCENTRATIONS IN LARVAL OYSTER CULTURE
Introduction
In the lab, the response of larval oysters to acidified pH is relatively straightforward to
quantify. However, the influence of acidification in coastal waters will be more difficult to
pinpoint. Microscopic larval invertebrates are difficult to track in their natural environment, but
the trace elemental composition of larval shells may leave a record of the conditions they were
exposed to (Thorrold et al., 2007). It is highly desirable to find a proxy for pH with which we
may be able to reconstruct larval exposure history. A strong contender is uranium (U) which,
exists in relative abundances to ocean pH and carbonate (Frieder et al., 2014b). The ratio of
uranium to calcium (U/Ca) has been shown to vary as a function of pH in corals (Inoue et al.,
2011), foraminifera (Russell et al., 2004), and mussels (Frieder et al., 2014a). Shell composition
will vary as a function of trace metal availability in the water column. This pilot study measured
the water concentration of U as well as trace metals copper (Cu) and lead (Pb) which may be pH
sensitive (Dissard et al., 2010). They are compared with conservative elements unlikely to
change with pH, such as magnesium (Mg) and calcium (Ca). A multi-element evaluation
provides data crucial in quantifying the regional water chemistry, before exploring whether
larval exposure to acidifying waters will alter the elemental concentrations of their shells.
Methods
Trace metals were obtained by using a syringe to push 4mL aliquots through a 0.22 μm
acid-washed nylon filter. Samples were immediately poisoned with 1% nitric acid (HNO3) and
stored cool in high-density polyethylene bottles until analysis. Samples were diluted 10-fold with
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2% HNO3 and processed on a Thermo Scientific iCAP Q ICP-MS with NASS-6 standard to
verify measurement accuracy.
Results
This pilot study measured the concentration of pH sensitive trace metals 238U, 63Cu, and
Pb (206Pb, 207Pb, 208Pb) in the water used for larval oyster culture. Uranium rose steadily from
day 1 to day 5, and on day 3 was higher in the [1000] ppm cultures than the [400] ppm cultures
(Figure A1, A). Copper remained relatively stable between the two pCO2 levels and varied little
between days (Figure A1, B). Lead increased 5-fold between day 1 and day 3, then decreased
slightly on day 5 (Figure A1, C). The ratio of lead isotopes 206Pb: 207Pb: 208Pb remained constant.
When U was plotted in relation to 24Mg and 44Ca, two conservative elements, it produced
a linear relationship for both [400] ppm and [1000] ppm cultures (Figure A2). These correlations
are evidence that the concentration of U varied between days and pCO2 treatments in relation to
changing water chemistry, and not as a function of pH or incorporation in larval shells. The
frequent water changes typical of larval oyster culture had the unintentional side effect of
incorporating trace metals into water in varying amounts.
Future considerations
Future experiments hoping to establish a larval proxy must first establish a culturing
method in which the concentration of trace elements (and salinity) remains constant in the water
for the duration of the experiment. It is recommended that reservoirs of water are created with
sufficient volume for the duration of the experiment, and preconditioned by bubbling.
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Figure A2.1. Averaged (n=3) concentration of pH sensitive elements (A) uranium-238, (B)
copper-63 and (C) lead (206, 207, 208) in [400] ppm and [1000] ppm cultures on days 1, 3, and 5
of the incubation.

Figure A2.2. (A) Magnesium-24 and (B) calcium-44 versus uranium-238.
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SUMMARY OF ALL WATER CHEMISTRY FROM LARVAL OYSTER CULTURE
Table A.1. Summary of all water chemistry from larval oyster culture in [400] ppm cultures. pCO2= partial pressure of carbon dioxide,
fCO2= fugacity of carbon dioxide, Ω= saturation state, DIC= dissolved inorganic carbon, CO32- = carbonate, TA= total alkalinity,
temp=temperature.
Day
1

2

3

4

5

Replicate
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

pCO2

fCO2

pH

171.13
180.24
172.60
225.73
225.92
216.90
150.95
149.61
161.39
193.02
195.61
195.65
185.96
181.50
176.93

170.60
179.68
172.07
225.04
225.22
216.23
150.47
149.13
160.89
192.42
194.99
195.03
185.38
180.93
176.38

8.52
8.495
8.506
8.409
8.414
8.428
8.542
8.546
8.515
8.458
8.455
8.455
8.447
8.454
8.463

Ωcalcite

Ωaragonite

11.79
11.10
11.18
9.20
9.48
9.75
10.88
10.76
10.35
9.58
9.54
9.55
9.05
9.15
9.27

7.09
6.68
6.73
5.52
5.70
5.86
6.51
6.43
6.20
5.74
5.72
5.72
5.46
5.52
5.59
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DIC
(μmol L-1)
2280.57
2245.15
2214.67
2239.39
2270.06
2260.85
2136.70
2141.50
2123.92
2181.46
2193.53
2193.98
2080.79
2068.64
2065.57

CO32(μmol L-1)
405.48
381.70
384.52
317.15
326.67
335.47
378.03
375.08
359.00
332.13
331.00
331.07
317.19
320.65
324.86

TA
(μmol L-1)
2758.28
2695.97
2669.87
2613.41
2654.53
2656.14
2586.67
2587.74
2551.73
2575.27
2585.60
2586.12
2463.69
2456.18
2458.33

Salinity Temperature
(°C)
14
27.8
14
27.9
14
27.9
14
27.4
14
27.6
14
27.7
14
26.2
14
25.6
14
26.4
14
26.6
14
26.5
14
26.5
15
26.4
15
26.5
15
26.4

Table A.2. Summary of all water chemistry from larval oyster culture in [1000] ppm cultures. pCO2= partial pressure of carbon
dioxide, fCO2= fugacity of carbon dioxide, Ω= saturation state, DIC= dissolved inorganic carbon, CO32- = carbonate, TA= total
alkalinity.

Day
1

2

3

4

5

Replicate
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

pCO2

fCO2

pH

240.21
211.17
273.04
634.05
266.29
377.08
242.76
199.47
206.40
512.56
254.04
310.05
254.72
218.08
229.37

239.47
210.52
272.20
632.09
265.47
375.91
241.99
198.85
205.76
510.95
253.25
309.08
253.92
217.39
228.65

8.395
8.44
8.352
8.039
8.357
8.234
8.362
8.429
8.418
8.09
8.346
8.27
8.315
8.371
8.353

Ωcalcite

Ωaragonite

9.21
10.10
8.65
4.77
8.66
6.74
7.69
8.60
8.43
4.69
7.53
6.45
7.05
7.81
7.56

5.53
6.07
5.20
2.87
5.21
4.04
4.61
5.15
5.05
2.81
4.51
3.87
4.28
4.75
4.59
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DIC
(μmol L-1)
2296.81
2271.40
2333.53
2471.63
2305.00
2390.43
2135.52
2089.12
2100.69
2274.38
2143.44
2155.29
2054.99
2034.02
2041.46

CO32(μmol L-1)
317.32
347.14
297.59
163.97
297.85
233.28
266.91
298.59
292.86
162.44
260.98
223.81
249.29
276.22
267.41

TA
(μmol L-1)
2669.27
2680.29
2681.18
2649.38
2653.80
2658.30
2452.05
2445.61
2449.86
2456.04
2452.46
2418.20
2358.39
2371.74
2367.97

Salinity Temperature
(°C)
14
27.5
14
27.9
14
27.7
14
27.8
14
27.8
14
26.9
14
26.4
14
26.4
14
26.3
14
26.7
14
26.6
14
26.5
16
26.6
16
26.6
16
26.6
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